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Abstract
This dissertation discusses some aspects o f steam distillation extraction of  
essential oils from vegetable sources. This has not received much attention in 
terms o f technological advancement as a chemical engineering process despite 
the fact it has been in existence for many years. More than 90% of the different 
essential oils that are used as fragrances in general household and personal care 
products and medicinal formulations are produced by steam distillation 
extraction. Despite this dominance of the method as a means o f essential oils 
extraction not much information is available for its optimisation.
In order to address this lack of attention a study o f the steam distillation  
extraction was carried. First a steam distillation extraction process was designed 
and commissioned and used for pilot plant distillation. It was then used together 
with gas chromatography to study steam distillation extraction in order to add 
more understanding of the process. The steam distillation rig was designed so 
that it could produce about 2 ml to more than 50 ml of steam per minute.
The findings of the study were that proportionally low steam flow rate for a 
given packed bed mass produced richer (in terms o f oil content) condensate and 
the converse was true. Sample yield curves, which show the mass o f oil in each 
similar sample of condensate volume during the course o f each run showed that 
for a period of time the oil content in a sample is at maximum, before the yield 
decay period sets in. This maximum was determined mainly by the size o f the 
packed bed and the steam flow rate. For each new and higher steam flow rate, a
new but lower maximum oil yield was developed for a fixed bed height. There is 
a direct relationship between concentration o f oil in the vapour phase, Co, and 
steam residence time, t ,  in packed bed. This can be expressed as Co oc t ,  and the 
proportionality constant depends on the physical characteristics o f packed bed.
This pattern was similar for either subcutaneous or superficial oil sources. The 
amount of the oil yield was determined by profiling the major components 
during the entire extraction period using gas chromatography. Based on the 
results a systematic method, which involves practical experimentation was 
developed, and can be used to optimise steam distillation of essential oils.
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Chapter 1
Introduction
Essential oils have been produced since antiquity. They have been used for almost the 
same purposes, as fragrances and flavours. They have been considered to be very 
valuable chemicals. This is shown when incense and myrrh were given to Mary by 
the three wise men as special gifts when the baby Jesus was born, as described in The 
Holy Bible. Essential oils were also used in the past to embalm the Egyptian 
mummies. Although there is no mention of the way these perfumery oleoresin 
products were produced at that time, steam distillation later became the main means 
of producing such products. It is the method that was used to produce naval stores, 
from pine trees, Donald (1983), Norris (1984). Since that time steam distillation 
extraction (SDE), in various forms, has been adopted as the main production 
technique for the production of essential oils from the vegetable matrices in which 
they are produced and stored.
Steam distillation is a very old separation technique. Considering that it has been in 
use for such a long time to produce specialty chemicals such as essential oils, one 
would expect a process that is clearly outlined. Unfortunately this is not the case. 
Steam distillation plants are still designed and run as a cottage industry. In some 
cases the process plant that are used to distil commercial grade oils are fabricated 
from used and or old lubrication oil containers. The fact that any essential oil from 
any one plant source is a composite of miscible terpenes and their derivatives makes 
them susceptible to undergoing chemical reactions under certain physical conditions 
in the presence of certain metals, Diomo (1998). This will alter the form and 
proportions of the organoleptically important components whose presence is 
responsible for the characteristic fragrance and flavor qualities. In this respect there is
1
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lack of such important technical information that can be used to choose the best 
fabrication material for such plants.
When one compares steam distillation techniques with other separation processes 
there is evident lack of off-the-shelf design information. This is in total contrast to 
other separation methods and applications such as petrochemical distillation, leaching 
and filtration. The SDE process has in fact suffered from neglect in input from all the 
recent advances in science and technology that have taken place and led to rapid 
advances in other separation processes. The fact that in some cases variation of steam 
distillation such as hydrodistillation (boiling solid material mixed in a water still) is 
used as an acceptable method is evidence of the lack of scientific enquiry into the best 
way of carrying out this separation technique. The reason why SDE separations are 
still carried out in this way is because the industry has remained a cottage industry 
even up to now despite the bulk of essential oils being isolated using that method.
3%
4%
^ m e c h a n i c a l  e x p r e s s i o n  
I n s o l v e n t  e x t r a c t i o n  
□  s t e a m  di s ti l l a ti on
93%
Fig 1 . 1  Proportion of the number of different essential oil types extracted
using different methods, Dagnell (1999).
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Although process development has lagged behind, the analytical side involving 
determination of product quality has benefited tremendously from the recent advances 
in analytical techniques. Using modern hyphenated techniques as GC-MS it is 
possible to get information of all the components in any oil. This has improved the 
quality specification of essential oils as industrial and commercial products.
The economic importance of the essential oils industry is at variance with the 
technological advances. While the technological advances to improve the process 
performance has remained nil the industry has been growing at 5 % on an annualized 
basis for perfumes and slightly higher for flavors. This is based on a mid 1990s 
estimate. In 1993 the industry was worth US$9 billion and nearly half of that 
business volume was made up of fragrances. This is graphically shown in figure 1.2. 
It is interesting to note that research in this industry has been increasing as well but 
only at the secondary stage, where essential oils as raw material are converted into 
other more important perfumery and fragrance and even vitamin products. This is the 
stage that is dominated by organic chemistry where different reactions are used to 
convert essential oils into more value-added products. This still leaves the 
fundamental process, SDE, the source for such raw materials unchanged and a small 
scale chemical production process.
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Figure 1 . 2  Users of fragrances
1993 fragrances sales = $4 billion
Household products are the biggest use of fragrances, after 
Layman (1994)
Fragrance use tends to be associated with economic development. Highly 
industrialized countries tend to be the biggest users and the converse is true. The fact 
that some developing countries are major producers of essential oils means that as 
agro-based economies more of these countries could in fact embark on growing and 
distillation of these products. South Africa, Morocco and Egypt are such main 
producers from Africa and there is room for more. One of the main attractions is the 
opportunity for communities in these countries to improve their living standards by 
exporting value-added products.
There are some cases where vegetable material containing essential oils is shipped to 
developed countries for the extraction of the oils. This could be avoided by carrying 
out such separation locally. The use of essential oils tends to be determined by smell. 
This depends on the constitution of the oil. If there is a slight deviation a buyer can 
reject a batch as unsuitable for their needs. But without systematic guidelines such 
products are produced by experience and at times by trial and error. This can be a
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disadvantage where new producers are looking at getting involved as the risk of 
failure is increased.
There is a possibility of producing better quality and quantity of medicinal products 
locally, where such products are based on essential oils. A  good number of plants 
have had their oils assayed for possible use as insect repellants. This is very 
important where the mosquito is one of the insects involved because of the magnitude 
of problem that malaria presents to people living in tropical countries. The 
importance of developing a systematic method for the design and operation of steam 
distillation process can not be overemphasized. The economic and social implications 
are too important for this process to remain an unsystematic exercise where 
knowledge and skills are passed down the line like crafts.
The objective of this study is to revisit this very old process, called steam distillation, 
and systematize the available information. It will form in a long time the real basis 
for the development of the method(s) needed to design and operate steam distillation 
plant, as process plant, based on scientific enquiry. This need is driven by the fact 
that as a process operation this technique can be done more efficiently. The ease of 
operation means that the technique once improved can easily be transferred for use in 
developing countries as an appropriate technology without many problems.
The growth in demand for natural flavours will be driven by the increased demand for 
organic food in developed countries. The largest proportion of the terpenoid
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compounds, which are used as natural flavors, is likely to be produced by steam
distillation. If distillation becomes the main means or one of the main means o f
producing flavours it will mean that it has to be carried out with minimal
environmental impact. This can be achieved by:
1. Increasing recovery of the compounds, which constitute the top notes and all 
other commercially important constituents in essential oils. Observing better 
process operations (in addition to design) will achieve this.
2 . Optimizing energy use by reducing heat loss to the environment. This will be 
achieved by better process design procedures.
3. Reducing the chemical oxygen demand and biological oxygen demand by 
reducing organics in wastewater from the distillation process.
The experimental work comprised two main stages:
(1). Extraction of the oil by distillation from vegetable raw materials.
(2). Qualitative and quantitative analysis of the essential oils on capillary column 
gas chromatography (GC).
The first part of the experimental work was done with the following main objectives;
1. To collect sample distillate during the course of the experiment at regular intervals 
so as to develop the general yield curves using Simpson’s rule approach, Stroud 
(1995).
2. To determine variation in the yield of oil during the course of the distillation by 
comparing the amount of the oil in the series of samples.
3. To study the accuracy and reproducibility of the data obtained using this method.
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4. To establish a simple and cheap process design that minimizes heat losses to the 
environment, eliminate flooding in the extractor and minimize dissolution and 
subsequent loss of polar compounds in the wastewater.
The second stage of the experimental work involved the use of the gas-liquid capillary 
column chromatography to study the quality and quantity of the oil as well as 
determining the product profile using the major-component approach. The objectives 
of carrying out this study were:
1. To identify the peak(s) due to the major component(s). A  peak was designated as 
a major component of the chosen oil if it was present as a principal peak in all the 
distillate samples from the first to the last.
2. To build up a profile of its distillate by determining the principal component in 
each sample.
3. To study the amount and type of polar compounds that were most water-soluble 
and quantify these losses during SDE.
4. To identify any of the major components in each essential oil, that individually or 
among others, was the commercially important compound and what proportion of 
the oil mass they constituted.
5. To convert the quantity of constituent obtained as (dimensionless) area under a 
peak, by developing calibration curves based on analytical grade standards.
6. To use the analytical test results from this part to determine the reproducibility of 
the distillation results.
Increasing distillation rate and reducing product losses in waste streams and avoidable 
heat losses to the environment should attain higher production efficiency and a higher 
product quality. This will result in a more economic process.
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2.1 Introduction
Essential oils can be defined broadly as the mixtures of volatile organic compounds, which 
produce the odours of the vegetable from which they are derived. The word essential 
originates from essence. The importance of essential oils, which has been known since 
antiquity has lasted up to now and even, continues to grow. The ever-increasing demand for 
essential oils has necessitated the development of semi-synthetic flavour and fragrance 
products. The demand for natural oils remains strong as noted in the research work by Belov 
et al (1993), Schlosser (2001). There is an ever increasing demand, at the rate of 5% 
annually, Donald (1986), Layman (1994). One of the main reasons for this sustained growth 
is because they are the raw materials for the synthetic flavours and fragrances. The biggest 
driving force has been the rapid expansion of the flavour industry in Europe and America. 
Most fast foods are flavour-enhanced in order to improve their quality. This niche market has 
seen the American flavour industry realising annual revenues of about US$1.4bn, Schlosser, 
(2001). Two main methods have been used in the isolation of essential oils. These are steam 
distillation extraction, SDE, and solvent extraction, SE. Another method used mostly for the 
extraction of citrus-based oils is expression. Because of the simplicity of the technology even 
today essential oils are still generally produced in many countries using steam distillation. In 
many places SDE still remains a small scale manufacturing industry.
The biological function of essential oils in the plants was not clearly known, until the early 
70s when they began to be associated with plant growth substances. Plant biochemistry
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research has unlocked the function of these chemicals in plants. It is now known that they are 
associated, mostly as precursors or intermediates of plant growth hormones such as 
gibberelins among others Meyer et al (1982). They are found in flowers, fruits, leaves, and 
wood and at times in the roots for example in the Tansy plant. Examples of essential oils 
listed according to their source are; in roots are licorice, cardamum and asparagus oil. In 
stem is turpentine, a major source of the pinene family of essential oil components. In leaves 
are oils of mint, geranium and eucalyptus. In flowers are oils of lavender, jasmin, neroli and 
rose. In fruits are oils of orange and lemon. When one plant has essential oils in several 
parts they always differ in their composition for example an orange tree has essential oils in 
its flowers (oil of neroli), in its young leaves and twigs (oil of petitgrain), in the yellow peel 
(flavedo), in its fruits (oil of orange) and, finally, a specific aroma in the orange juice. All 
these are different in odour and chemical composition. Berk (1976). Their application in 
commercial products may also differ, as each type of oil is appropriate for a specific use.
2.2 Chemical Structure of Essential Oil Components
Essential oils generally contain tens of different odoriferous chemical substances, Lawrence 
et al (1972), Guether (1985). The chemical composition of essential oils is never 
homogeneous, though there tends to be predominant components in some essential oils. A  
good example is oil of cloves, which consist of 80% of eugenol in some cases and whilst it 
may be lower in others it remains the predominant or principal constituent, Reuters (1998). 
Essential oil molecules can have either cylic or acyclic structure, Croteau (1989). They also 
can either be non-polar or polar depending on their molecular composition.
Most of the chemical compounds that are found in essential oils can be classified as:
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a). Terpenes. This is the most common group found in many different kinds o f essential oils. 
They can exist as monoterpenes (QoHig), and their oxygenated derivatives QoHigO. An 
example o f a common monoterpene is myrcene. Then there are sesquiterpenes, C15H24 
diterpenes, C20H32, triterpenes, and higher order terpenes called polyterpenes and their 
oxygenated derivatives, Guether (1985), Miski er al (1990). A ll terpenes are known to be 
derivatives o f the isoprene unit.
CH2OH
limonene geraniol
b). Normal alkanes and their oxygenated derivatives. These are straight chain hydrocarbons 
and their oxygenated derivatives. These range from n-heptane found in P inus sabiniana  to 
hydrocarbons containing about thirty-five carbon atoms. These are acyclic substances w ith 
examples given below.
CH3CH2CH = CHCH2CH2OH CH3CH2CH=CHCH2CH2CH=CHCH20H
cis-hex-3-en-l-ol 2,6-noadiene-l-ol
c). Benzene derivatives. A  large number o f benzene derivatives are found in the essential 
oils. A simple example is phenylethyl alcohol found in oils in many flowers, Em bong et al 
(1977). These are cyclic substances.
CH2CH2OH
phenylethyl alcohol vanillin
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d). Miscellaneous. This includes most of the oils that have sulphur-containing chemicals. An 
example is mustard oils of Cruciferae family.
CH2 = CHCH2N = C = S CH2 = CHCH2SCH2CH = CH2 CH3CH2CH2CH2SH 
allyl isothiocyanate allyl sulphide n-butyl mercaptan
Essential oils derive their names from the plants they are produced from. However different 
plant sources do produce some similar components though they are different in their 
proportional representation in the different oils.
2.3 Main Researched Areas
Most of the work that has been done on essential oils involved the laboratory isolation and 
analytical determination of the components. Various analytical techniques have been used to 
identify the essential oils from different plant species. They include gas chromatography, 
mass spectrometry, hplc, and thin layer chromatography and their hyphenated systems among 
others. Presently there is a lot of work that is going on in different parts of the world on 
isolating new oils from new plant materials. There is a lot of emphasis on such work in third 
world countries. It has been realised that due to medicinal characteristics shown by some of 
the essential oils and at times their derivatives, their production in such countries could 
contribute to the countries’ health development programmes. Due to very small or even no 
disposable incomes people living in these developing countries could benefit very much if 
their indigenous plants could be screened for oils with medicinal properties.
One of the major problems with the large-scale production of essential oils is the relatively 
small yield per unit mass of raw material. The seemingly economic advantage is the 
generally high price that oils fetch on the international market. The appeal of the isolation of
11
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essential oils is the possibility of developing relatively very efficient isolation methods based 
on basic techniques like steam distillation. After the literature review it is very apparent that 
most of the work that has been done by the researchers working in the field of essential oil 
extraction involves:
(a). Isolating new essential oils and in a great number of the studies, testing for their 
possible medicinal properties, Shimoni et al (1993).
(b). Improving the yield of the oils by adopting various steam distillation 
modifications such as use of cohobation as a means of cutting loses of oil in distillates 
as emulsions, W hish (1996), Perineau et al (1992).
(c). Reducing the process run times by adopting various preparation methods, Belov 
et al (1994).
(d). Comparison between fresh and dried materials in order to ascertain better choice 
of raw material in terms of product quantity and quality.
(e). Evaluation the effect of storage on the quality of final product, Vensikutonis et al 
(1996).
(f). Identification and recovery of organoleptic compounds from wastewater, Spencer 
et al (1992), Bohra et al (1994).
(g). Production of synthetic material from and based on the natural oils, Othmer 
(1970), Schlosser (2001).
(h). Alternatives to distillation as a means of producing better quality essential oils 
more economically, Simandi et al (1996), Piggot et al (1997), Akgun et al (2000).
The generally lack of research in distillation, and particularly in steam distillation, is due to 
the feeling among researchers that distillation in general has been researched for a long tim e 
and as such has been exhausted. Swan (2000). This is truer for the steam distillation process,
12
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it being an old unit operation. The shift in chemical industry trends during the last six 
decades has not helped the case. Emphasis in research has shifted to more modern areas such 
as biotechnology and process control, Kurum et al (1997), Sorenson et al (1996). This shift 
is not entirely retrogressive as far as operations like steam distillation is concerned. This is 
because some of the concepts such as those arising from areas like process control can be 
adapted to some of these traditional topics thus enhancing their place in the process- 
engineering domain, Keil (1996).
2.4 Essential Oils Extraction Processes
2.4.1 Hydrodistillation.
This is the commonest essential oils isolation process. It is the process that has been widely 
used since antiquity. The process involves the boiling of the biomass in water still for a long 
time until the biomass has been exhausted of the oil, Gokhale (1959), W ankat (1988). This 
process like many other isolation methods involves the use of a lot of energy in the boiling 
process, Coulson et al (1996). One of the basic problems with this process is the inability to 
tell when exactly the biomass is exhausted. This has remained as one of the points that need 
to be determined. In ordinary laboratory isolation the process is carried on until there is no 
visible indication of the essential oils coming out of the vegetable material. In commercial 
isolation that may be very different since prolonged running after a certain point may mean 
that the cost of energy consumed exceeds the value of the extra product recovered. It is 
obvious that runtimes will be different for different materials because of the differences in the 
vegetable matrices.
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2.4.2. Steam  and w ater d istillation.
This process involves the charging of the still w ith water and biomass. Steam is then passed 
through the still charge until it starts to volatilise the essential oils in the biomass, Denny 
(1990), Wankat (1988). It is not very different from the hydrodistillation process. Again the 
source of the transport as well as energy medium is the steam, which should be generated 
from a boiler and connected to the extractor by pipes. The essential oils will evaporate 
through the water mass as vapour to be cooled in the condenser, a type of heat exchanger. 
This process can be operated with additional heating o f the still in addition to the steam that 
is coming through the still. This process is another form of steam distillation.
vapour
condenser
water
+
solids
decanter
heat waste-water
Fig 2.4.2.1 C onventional steam  d istilla tion  process.
Both hydrodistillation and steam and water distillation are accompanied by the problem of 
dissolution of the oxygenated compounds in waste-water. The effect is the attendant 
disadvantage of loss of top notes from the final fragrance product, Ghokal (1959), Fleisher 
(1990), Fleisher et al (1991).
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2.4.3 Steam distillation.
The equipm ent and m aterial configuration in this system  is slightly different from the first 
two. In steam distillation the biom ass sits on a m esh through which steam  will pass, Lamb et 
al (199e>), Schulz et al (1996). Before the essential oils are volatilised, the biom ass just like 
in other processes has to attain the m axim um  possible tem perature at the operation pressure. 
The configuration o f the system should be such that the steam will pass through the biom ass 
but at the same time allow for sufficient contact time between the heat source and the 
material being stripped of the oils. There should be no build up of pressure below  the biom ass 
lest the pressure could cause an explosion. The need for sufficient contact time betw een the 
steam and the biom ass will determ ine the steam residence time of each batch. This opens up 
another possible area that may need to be investigated, that is the effect o f bed-height and 
consistency (density) in the extraction of essential oils. The consistence in the bed can also 
be described in terms of void fraction or bed porosity, s.
Fig 2.4.3.1a Oil glands on the surface of a ripe mint leaf, Denny (1991)
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M i»;, M
t
Fig 2.4.3.1 M icrographs of SDE of m int oil. Top shows n a tu ra l state before contact
with steam . The above m icrograph  shows p a rt o f sam e leaf a fte r contact 
with steam , Denny (1990)
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2.4.4 Solvent extraction
Solvent extraction (SE) is a leaching operation. It is one of the most common essential oil 
extraction processes. It was shown that the solubility of different plant material in addition to 
the essential oil depended on the solvent used, Chen et al (2000). Hexane extracts were 
lighter in colour than ethanol extracts due to lower solubility of chlorophyll in hexane. 
Solvent extraction produces concretes or oleoresins of essential oils. These extra plant 
solutes may have to be removed by another separation technique at a later stage. The 
disadvantage of the method is that solvents are organic compounds associated with volatile 
organic compounds (VOCs), which are a source of atmospheric pollution. Solvents can be 
expensive to buy, Chen et al (1994). Solvents in the final product are an impurity calling for 
further processing.
Fig 2.4.4.1 Electron micrograph of untreated Rosemary leaf showing undam aged oil 
glands, x 100 magnification
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Fig 2.4.4.2 R osem ary leaves ex tracted  in pu re  hexane showing b roken  glands, x 200 
m agnification.
»
Fig 2.4.4.3 E thanol ex traction  o f th ick  leaves of R osem ary showing rem nan ts  of 
g lands as cavities, x 100 m agnification.
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Fig 2.4.4.4 Ethanol extraction of thinner leaf showing badly crumpled glands on
Rosemary leaf, x 200 magnification, Spiro et al (1994)
2.4.5 M icrowave assisted extraction.
This is one of the new methods that can be used to extract essential oils from biomass. The 
process involves the installation of an extractor in a microwave oven where it is heated until 
the oil starts to come out of the vegetable raw materials. It is usually run as a solvent 
extraction process in which, the heating source is microwaves, Craveiro et al (1989).
The method has not taken off on a commercial scale. In some work done at experimental 
scale in the laboratory it was observed that some of the compounds, especially n-alkanes, are 
lost due to thermolytic fission, which produces less valuable products, Collin et al (1991), 
Chen et al (1994), Tateo et al (1993). This reduces their composition in the oil. In the study 
of the microwave extraction of essential oil constituents from plant materials Chen and Spiro 
(1994) concluded that the mechanism of the extraction included diffusion through 
unperturbed gland wall, diffusion through a wall that was dissolving gradually and rapid 
extraction due to suddenly ruptured glands. In a way this work has helped to elucidate the
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transport mechanisms of the essential oil constituents from within solid biological matrices to 
plant surfaces where they come into contact with the solvent, Goto et al (1998).
2.4.6 Supercritical fluid extraction (SFE)
The supercritical fluid of choice in this method is liquid carbon dioxide, Mchugh et al (1986), 
Stahl et al (1987), Brunner (1994), Reverchon (1997). The appeal of this method in principle 
is the fact that the solvent exhibits physical properties of both gas and liquid thus giving an 
advantage of both physical states. Carbon dioxide is well suited because it is non-toxic by 
skin absorption (under properly designed and operated processing conditions), non-explosive, 
not inflammable, readily available and easy to remove from separated products, Reverchon et
One disadvantage of this method is possible difficulties in trying to adopt the technique into 
preliminary fieldwork trials. Liquid carbon dioxide, though readily available, has to be 
transported and stored in special containers. The other problem and probably the most 
important is the fact that carbon dioxide is non selective, Stahl et al (1987), Brunner (1994). 
This implies that that the product obtained may be resinous and has to undergo further 
separation stages or processes.
2.4.7 Expression
This is a mechanical method limited to the isolation of oils from certain sources for example 
citrus rind, Guether (1965), Lawless (1992), Dagnell (2000). These include orange, grapefruit 
and lemon oils. The reason why heating is not used in the extraction of these oils is to avoid 
dénaturation of the flavour, which can be due to thermal degradation of some of the 
components. The value of the oil is high if it smells like the natural oils.
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2.4.8 Comparison of extraction processes
Steam distillation is referred to as an extraction process and abbreviated SDE, because it 
involves both extraction and distillation processes. In the above extraction methods that are 
used to isolate essential oils no one method has outright advantages. Before the essential oil 
is distilled it has to be extracted from the solid vegetable matrices to the plant surfaces where 
it is accessible to the steam stream, thus the name steam distillation extraction (SDE). SDE 
has the advantages of producing a product rich in substances described as the top notes for 
example the compound 2-hexanal, whose fragrance resembles that of freshly cut grass, 
Schlosser (2001). SDE has other advantages such as higher selectivity, and easier technology 
to adapt and implement. On the other hand the total yield from SFE tends to be generally 
higher (as absolutes) than that from SDE and the process is said to be less damaging to 
thermally labile constituents Ondarza et al (1992), Langer et al (1996). However, the fact 
that SFE requires highly specialised pressure equipment and is non-selective renders the 
method more capital intensive than both solvent extraction and SDE.
On the other hand solvent extraction adulterates the product. Adulteration may rule out the 
product for certain applications. Solvents such as alcohol are not permissible by other 
religious groups such as Muslims, Houlton (1997). This then restricts its use. Solvent 
extraction processes tend to generate volatile organic compounds (VOCs) emissions and 
danger of explosions and fire. VOCs are a source of environmental problem, which require 
specialised abatement equipment to be in place.
In comparison SDE equipment is cheaper to source or make, easier to operate and the final 
product may only need dehydrating of the very small amount of water dissolved in the oil. 
Otherwise, the product is pure and can be marketed straight from the production line. The
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largest number of essential oils, 93% of those commonly used and commercially important, is 
still produced by SDE method. In the remainder, solvent extraction accounts for 4% and 3% 
is produced by mechanical expression. A  very small number of oils from citrus sources are 
produced by expression, Dagnell (1999).
One important thing that has come clear in the comparison and contrasting of the different 
essential oil isolation methods is the mechanisms by which the components are accessed by 
the solvent in each case. Although the methods are different in principle they are made 
possible by similar mechanisms such as diffusion, hydrodiffusion (causing collapse of 
glands) and rupturing of glands resulting in the release the oil, Perineau et al (1992), Chen et 
a / (1994).
2.4.9 Comparison o f steam distillation and critical fluid extraction essential oils
When steam distillation is compared with other separation techniques it was found that in 
sandalwood (Santalum spicatum) steam distillation leads to recovery of 2.9% (wt/wet weight) 
of essential oils which was slightly better than 3.1% (volume/dry weight) reported for 
trunkwood reported by Brophy et al (1996). More encouraging is the higher yield obtained 
by SCCO2 (4.7%) and LCO2 extraction at 4.5%, Moyler (1993). One important observation 
made by Piggot et al (1997) on buttwood extraction was that 93% of the steam-distilled 
fraction consists of volatiles compared to about 50-60% for the other extracts. This shows 
that steam-distilled product may not require the purification that the other extracts may have 
to undergo. The validity of these results was tested using a mixture of (Z)-a- and (Z )-f- 
santalol and 2,6 (E) farnesol. The steam distillate also had less absolute extracts than the 
others , about half the amount on average.
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Volatiles refer to the percentage of the extract that was amenable to GC analysis. Of the 
three separation techniques, the LCO2 always gives the highest total extraction followed by 
(hexane) solvent extraction and then steam distillation. Goto et al (1996). But the purity 
levels of the steam-distilled extract are highest per given volume or mass of the oils. Steam 
distillation using buttwood and branchwood yielded highest concentrations of the five 
sesquiterpine components a-bisabolol, a-santalol, 6(E)-farnesol, p-santalol and z-nuciferol. 
Although the quantities of these sequiterpines is usually highest in steam distilled product 
their relative proportions are the same in all the extracts. The the steam-distilled product 
would need the least purification if at all. In some special cases the aqueous phases can be 
dried easily and cheaply using anhydrous Na2S04.
Table 2.1 Extraction yields for a sample of butwood, Ghisalberti et al (1997)
Method % extracted :% % % %
Total Volatiles Absolutes comp
1
comp
2
comp
3
pomp
r  4
comp
5
SDE 3.1 9 3 j 2.9 6.6
2T 6
11.0 8.1 6 9
SE 7.7 51.4 4.0 3.1
10.2
5.2 3.9 3.4
SCCO2 8.4 56.3 4.7 3.1
10.0
5.3 3.8 3.6
LCO2 7.7 58.3 4.5 3.3 10.7 5.6 4.0 3.7
*comp = compound
Compounds labelled 1 to 5 are the five major sesquiterpenes components;
1. epi-a-bisbolol; 2. a-santalol; 3. Farnesol; 4. p-santalol; 5 nuciferol
SDE yields much greater proportion of these sesquiterpenes than other extraction methods.
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A comparison of essential oils from different extraction processes i.e. hydrodistillation and 
supercritical CO2 extraction was done, Reverchon et al (1992). Their results are given in the 
Table 2.2 below:
Table 2.2 Percentage composition of rosemary leaf oils isolated by supercritical CO2 
extraction (SFE) and Hydrodistillation (HD) with respect to grouped components, Senatore et 
oZ(1992).
G rouped com ponents SFE
Monoterpene hydrocarbons 15.5 3&5
Oxygenated monoterpenes 73.7 59.4
Sesqueterpene hydrocarbons 6.6 2.2
Oxygenated sesquiterpines 0.8 0.9
Other components 1.3 0.7
These results are typical of all the other observations made by other workers. One thing that 
is clear is the fact that hydrodistillation tends to create loses of oxygenated compounds into 
water due to their solubility. The other thing that is not shown by these results is the non­
selectivity of the SFE that is clearly stated in the report. On the other hand SDE or HD 
product does not require isolation of the cuticular waxes, fatty acids resins and colouring 
material such as chlorophyll, Moyler (1993), Goto et al (1996). In studying the SDE process 
it is hoped that the advantages such as specificity of the method can be exploited.
2.5 Factors Affecting Yield of Distillation Process
The SDE method is affected by many factors that either increase or slow down the extraction 
process. The amount of oil extracted from each batch of biomass is also dependent on the
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agronomy of the plant, Shu et al (1997). The product quality and quantity and the rate at 
which it is recovered on the process line is thus influenced by process operation parameters as 
well as pre and post-processing factors.
2.5.1 A gronom y
The way the plant is grown and the soils determine the amount of the oil in the plant. Oil 
content in plants depends on the section of the plant that is harvested. Different sections 
contain different amounts of oil. It has also been established by the studies by Piggot, (1997), 
Nicolle et al (1998) in Western Australia that the distribution of essential oils can vary 
according to the section of the tree. This explains why some oils are predominant in certain 
areas of the plants such as the leaves, flowers, the trunk and the roots. The oil content of 
Eucalyptus globulus was different in leaves and twigs. A  similar observation of oil content 
variation depending on the part of the plant assayed was observed in Artemisia annua, 
Charles et al (1991). With the orange tree the oil is even different in the peel, twigs, flowers 
and the fruit, Berk (1972). Lavender contains oil on the stamen as well as the petals. But 
more oil is contained in the petals than the stamen. This knowledge enables producers to 
target the right plant part for specific oil should it be required.
This raises the possibility that essential oils composition varies with season since regional 
variation has been established with many species. It was observed that the content of 1,8- 
cineole in Eucalyptus increased at certain times of the year, Zrira et al (1994). The seasonal 
variation is typical in plants that produce essential oils in certain organs or sections such as 
flowers. A study of the variation with time of the composition of the essential oils also 
confirmed in some plants, Nicolle at al (1998), Libbey et al (1989). Lavender has to be 
harvested for distillation during the flowering season because that is when its oil content in
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the plant is highest due to its production in the flowers. In plants that contain the bulk of 
their oil in the leaves, flowering has been observed to reduce the oil content and so harvesting 
will best be done before flowering. One of the most widely studied species for regional 
variation is Eucalyptus, Ndou et al (1985).
Other reasons for the variation in composition of some commercial oils are,
1. The effect of extrinsic conditions (climate and geographical conditions).
2. The effect of differences between and within species.
3. The effect of growth stage of plant material harvested.
4. The effect of processing parameters (dry vs. wet material on distillation changes),
Lawrence et al (1997).
2.5.2 Post-harvest storage
Storage generally has the effect of reducing oil content in plant materials, Larsen et al (1996). 
During storage of basil, volatile compounds were reduced. This is not surprising since the 
aroma from stored essential oil producing plants is due to loss of volatiles into the air. Basil 
showed a reduction in essential oil content by 66% after being in storage for 6 months, 
Vensikutonis et al (1996). Stockpiling has little effect either at room temperature or in 
refrigerated room (about O^C) if it is for a short period of time. In fact the main observed 
changes for example in Cedarleaf oil was the reduction in 2-hexanal, a very volatile 
compound. Its concentration decrease steadily with prolonged storage, particularly at room 
temperature. This observation is very important since it is known that, aldehydes, and 
particularly 2-hexanal, has very interesting properties for the perfume industry, Schlosser 
(2001). It is such specificity that would need to be observed and maximised for each
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particular plant species depending on the end use of the oils. Based on such observations 
made in the past, long storage time must be avoided.
Irradiation is usually done to sterilise or decontaminate materials against microbial attack. 
This is very common where the material being stored is to be used as a source of spices. 
Similarly the material that is being stored for essential oils as fragrances can also be subject 
to microbial attack. Some studies have shown that there is not much variation in the 
composition of the oil from material irradiated with gamma and beta radiation, Farkas et al 
(1972), Baritaux et al (1992), Venskutonis et al (1996).
In similar tests on dried basil leaves, irradiation with two different doses of gamma rays and 
with microwaves showed an increase in the concentration of linalool and estragol with 
gamma treatment, Antonelli et al (1998). Such an increase would be favourable in oils of 
lavender where linalool is a top note. The two compounds showed a decrease due to the 
irradiation with microwaves. The comparison was done using a blank sample by GC-MS, 
which identified 47 peaks. The composition of the essential oils after both types of 
treatments was also different. This compares to the work by other researchers where 
variation has been noticed though at times it has been described as not very significant, 
Vensikutonis (1996). The fact that microwave-assisted distillation causes more changes in 
composition and concentration of certain compounds such as linalool is a disadvantage. This 
is not so in the case where the isolation is being done to yield the degraded compounds. In 
the case of the change being favourable then this could be a positive effect though the 
quantities have to be meaningful to warrant such treatment (irradiation) as part o f the 
processing.
27
Chapter 2: Essential Oils Production, Uses and Process Design
Most of the researchers that have worked on essential oil isolation have never mentioned how 
they determine the content of essential oils in vegetable material. This is a problem and one 
way by which variation of composition can be traced with storage time is to determine yields 
under similar operating conditions at harvest and after say, 6 months. There may be other 
methods of determining the yields but this remains a very unclear area in essential oils 
isolation. Tracing the air-dry mass variation has the error of not excluding water content, 
which is known to make up much of the vegetable mass.
Although the general trend is the loss of oils during storage or drying of the vegetable 
material, there are exceptions to this. In an experiment done in Australia on the effects of 
post-harvest drying on the yield of tea tree oil the contrary was found to occur, W hish et al 
(1996). The oil content of the foliage was found to increase with storage. The increase was 
not continuous with storage time. The oil content showed a slight drop in tea tree after week 
5 in storage. Drying of the tea tree leaf on the stem slightly increased the oil content. Other 
researchers have found that no oil loss occurred from the leaves of Eucalyptus dives for a 
period of one month after harvest. There was no oil loss or compositional changes in 
Melaleuca alternifolia following two weeks of drying. It was shown that a similar increase 
occurred in the oil content of Eucalyptus camaldulensis grown in Morocco, Zrira et al (1994). 
Leaf samples were fresh distilled immediately after harvesting and following one week of air- 
drying. More oil was recovered from the air-dried leaves as compared to the freshly distilled 
leaves. The results suggest an interaction between oil production in the leaf and oil movement 
in the stem, since the production of oil is a metabolic process. The actual cause of oil content 
increase is not clearly known. However, these observations have important implications for 
the production of such essential oils whose content increases with storage and air drying time
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in so far as it results in more production of such oils. It also has some bearing on designing 
storage conditions and determining the length of storage times wherever it is necessary.
2.5.3 Particle size
The importance of preparation or pre-treatment prior to distillation cannot be over­
emphasised. Generally in all extraction or separation processes there is mass transfer from 
one phase to another and it is increased if the substrate surface area is increased, Heon et al 
(2000). This may involve some accompanying heat transfer, physical separation operations 
such as filtration among other things. Pre-treatment in this respect refers to the comminution 
before the isolation process can be done. Size reduction of the biomass should be a necessity 
in most separation processes as it provides for increased surface area thus increasing mass 
transfer rates. This is true in all process involving steam distillation and solvent extraction. In 
solvent extraction the process may even involve the use of agitation in order to optimise oil 
diffusion rates.
The effect of particle size is shown in the results on the study of the extraction of spearmint 
oil components by SFE by Kim et al (2000). It was concluded that smaller particles gave 
higher initial extraction rates. Conversely bigger particles offer resistance to hydrodfusion of 
oil components to the surface of the matrices. The results also show that if too small some 
particles are prepared they may have negative influence as shown by the reduced extraction 
rates of limonene in the ground particles when compared to the larger cut particles. The 
bigger cut particles offer higher extraction rates, Heon et al (2000).
It is generally accepted that in separation processes large surface area and good mixing is 
necessary in order to speed up extraction. This means that in order to reduce the batch cycle
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times there is need to grind raw material so that there is more surface area containing the 
vacuoles containing the oils exposed to the heat source, the steam. Fig (2.5.3.1) shows a 
diagram of a leaf cross section. Plate 2.5.3.1 shows a picture of a typical leaf, which is a 
source of essential oil. A  leaf for example w ill have a cross section comprising a cuticle, 
spongy mesophyll and palisade cells as the main structural materials. The oil glands will be 
contained in the mesophyll and palisade cells, w hich are a type of parenchyma cells. In the 
case where oil is contained in twigs or roots (woody tissues) for example tangy oil and 
sandalwood oil, the oil glands are contained in either collenchyma cells or woody 
schlerenchyma cells, Fahn (1974).
Q
J
cuticle 
epidermal cells
_  palisade cells
spongy mesophyll
vacuoles
Fig 2.5.3.1 Cross section o f a leaf
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Plate 2.5.3.1 C am phor (C innam om um  camphora) tree, Tosco (1972).
In order to increase the extraction rate during distillation, the oil has to diffuse from  the 
vacuoles or oil glands to the plant material surfaces where it is vapourised. The plant 
matrices provide a barrier and resistance to m ass transfer, and have to be broken down by 
some form of com m inution. Thus particle size reduction has a bearing on the void fraction in
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the packed bed thus steam residence time, heat and mass transfer rates, which all affect 
extraction rates, Georgiadis et al (1996), Sederman et al (1997). Therefore appropriate 
particle size determination is important in SDE, Vafai (1986).
Work to determine the appropriate size of solids that optimise extraction has been done in the 
past. The work covers a wide range of areas from mineral processing to extraction of 
vegetable oils using paraffin solvents. Different processes all based on the same principles of 
mass transfer across phases are employed to extract essential oils. Particle size has always 
affected the rate of extraction. Many researchers have studied the structure-flow correlation 
in packed beds, Gerard (1994), Nishizawa et al (1996), Sederman et al (1997). Jones and 
Wolfe (1993) looked at the effect of pore size on heat transfer and local fluid properties. 
They concluded that where steam was used as a heating medium there were a series of 
evaporations and condensations, Aoki et al (1996). Particle size as well as local Reynolds 
number in turn affected these series of evaporations and condensations and ultimately 
extraction rates. There is a range of particle size that offers the optimum heat and mass 
transfer. This in turn should be affected by the steam flow rate through the packed bed. Pre­
treatment of biomass such as grinding has an important effect on the overall process 
performance as this determines the flow regimes within the vicinity of each particle surface. 
Particles offer resistance to flow of fluids but without the mechanical or structural strength of 
continuous solid bodies. This leads to channelling along the less resistant paths. In industrial 
operations such particles can be sources of hazardous dust explosions. For any plant material 
this means that the optimum plant particle size is the one that offers reasonable porosity and 
fluid residence time that will result in maximum heat and mass transfer.
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In related studies, it was noticed that in extracting essential oils from woody biomass it was 
quicker to exhaust wet raw material than dry, Peraneau et al (1992), Belov et al (1994). This 
could mean that soaking dry raw materials in water would improve the whole extraction 
process. However, in fieldwork in Australia, wet superficial oils took longer to exhaust than 
dry mint, Denny (1990). This may be due to the reduced rate of heat then mass transfer at the 
interface of water layer-oil glands on the plant material surfaces. Water droplets on the 
surface should affect the localised (at microscopic scale) evaporation and condensation.
2.5.4 The effect of packed bed height
Bed-height refers to the height of vegetable material in the distillation unit. The total amount 
of oil in the charge and thus the total amount of heat required for oil extraction is determined 
by the volume of the extractor. The volume of the extractor is in turn a product of the cross 
section area (which is function of diameter) and height of bed. The amount of oil in the 
charge is determined by the bed mass and is independent of the steaming rates. Before the oil 
is extracted from the vegetable matter the material is heated to the steam temperature. A  thin 
film of water is formed on the surface of the vegetable raw material. The oil coming from 
within the matrices has to pass through this film before it is vapourised. In theory the oil may 
condense on coming into contact with the vegetable raw material above it. But the 
condensation will be minimal if the height of the bed is not too large. In other words there 
should be a well-defined range of bed height that will give a temperature differential across 
the bed that will not impair the mass transfer processes, DeWasch et al (1972), Balakrishnana 
et al (1974). The calculations in Appendix D show the importance of mass of vegetable 
material in a packed bed and the composition of the type of oil produced.
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Below an optimum value of bed height, for a given packed bed diameter, and at a particular 
steam flow rate the steam coming from below the raw material will pass through the 
vegetable material without allowing enough contact time for effective heat and mass transfer. 
In practice if the mass of the bed is too small for the steaming rates available then even with 
optimum heat and mass transfer rates the condensate will be thin in oil. Denny (1990) has 
developed some emperical equations in an attempt to define the basis for the determination of 
the optimum bed height. However, these attempts will not go very far as the equations are 
not related to the amount of oil practically extractable from any given biomass source and the 
amount of heat loss per given external surface area of the extractor. The need to reduce heat 
losses determines the critical insulation required. The sum of heat loss, enthalpy of 
vaporisation and heat required to maintain isothermal conditions determines the amount of 
steam flow rate, for any given bed height.
2.5.5 Type of steam distillation
Steam distillation, where steam is passed through the mass of raw material yields higher 
product quantity than hydrodistillation, Perineau et al (1993), Belov (1994). In studies that 
were carried out in order to compare different process configurations using modified 
distillation and separation equipment, it was observed that there is no marked difference on 
the yield between the two processes, Whish (1995). Hydrodistillation is simpler in the sense 
that the containment of the raw material is easier. The raw material is simply dropped into a 
still filled with the correct volume of water. In steam distillation the raw material has to be 
separated from the water using a wire mesh that will stand above the water still.
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Although some work has been done on new plants screening for potentially useful essential 
oils most of the isolation has involved basic distillations processes. There has not been much 
improvement of methods such as steam distillation in order to achieve better production.
New techniques that have been developed recently by other workers include that by W hish 
(1996). The flexible distillation method is a variation of the cohobation process. Cohobation 
means re-distilling the aromatic wastewater. The disadvantage of the cohobation process is 
that it is a method that involves re-heating aromatic waters as a method of distilling the 
valuable compounds that form top notes in perfumery applications. An example of such a 
compound is 2-hexanal. Cohobation as an isolation method of valuable components, which 
would otherwise be lost in wastewater, creates the problem of repeated exposure of the 
thermally labile compounds to heat. This increases their solubility in water as well as 
thermal degradation.
2.5.6 Effect of quality specifications
In optimising a process such as steam distillation, the final results are quantity of oil yield per 
given cycle and its quality. By maximising the quantity the production cost is minimised as 
long as heating costs, are kept minimal. In the fragrance and perfume industry the quality 
refers to the general aspects or variables such as acid value of oil, specific gravity, optical 
rotation, ester content, and solubility, among other specifications. However there are some 
more specific requirements. For example the essential oil from the leaves of Thuja 
occidentalis must contain at least 60% of ketones determined as thujone and that of Abies  
balsamea must contain between 8 and 16% of esters determined as bomyl acetate. Similarly 
that of Eucalyptus globulus must contain a certain amount of 1,8-cineole, [International 
Standard ISO 1202] if it is to be used in pharmaceutical preparations, ISO 875, ISO 150,
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ISO/TR 210, ISO 279, ISO 280, ISO 11024-1 (1998)(E), ISO 1202 (1981-08-01). This 
means the optimisation here requires the production of oil comprising certain components in 
certain proportions by mass or volume. A  quality and saleable product is very much likely to 
be one whose physical and chemical properties will fall within the standards required for that 
particular oil, Williams (1996). For example eucalyptus oil for certain pharmaceutical 
preparation should comprise at least 20% 1,8-cineol by mass, ISO 1202 (1981).
2.6 Uses of Essential Oils and their Derivatives
Essential oils are used in many formulations of personal and general household products, 
Shrieve et al (1984). Their use is determined by the odour characteristics. The smell quality 
could be due to the presence of one or more components acting in synergy. In the fragrance 
and flavour industry, the main consumer of the essential oils and other similar natural 
products, there is need for the natural products because they confer richness i.e. natural odour 
to the synthetic compounds.
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Fig 2.6.1 The Structure of the Flavour and Fragrance Industry, Somogyi (1996)
The interest in the research in essential oils is mainly championed by the perfume industry. 
The interest is reflected economically by the readily available unmet demand for fragrances 
and flavours. This market demand has given rise to production of synthetic fragrances and 
flavours. However the need for natural products has not been overtaken by the supply of 
synthetic products. This need for natural products has recently been seen to extend to 
medicinal products, which had been replaced by purely synthetic products.
Essential oils are used by the flavour and fragrance industry and are of economic importance, 
Phillipson (1985), Simon et al (1988, 1990), Belov et al (1994), Somogyi (1996). [See 
Appendix B and Table 2.3 below]. The US is the largest producer of fragrance and flavour
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chemicals. This is due to the presence of companies such as International Flavour and 
Fragrance (I.F.F). Although France, mainly the Grass region remains the largest producer 
and exporter of fragrance materials for the upmarket fragrance and skin care products new 
players have come in. These are countries such as Egypt, Morocco and South Africa. The 
attraction of these countries into this area of commercial importance is the commercial 
awareness of the fact that it is a growth industry and may continue to be so for some time to 
come. The companies that are responsible for the largest share of the worldwide sales of 
fragrances and flavours are based in US, Western Europe or Japan, Layman (1994). Other 
nations such as Brazil, China, Hong Kong, India, and Singapore are world-renowned 
producers of raw materials that are essential ingredients in the flavour and fragrance 
formulations.
Table 2.3 Major essential oils used as flavouring agents, Pearce (1988)
Plant Source Tonnes US$ per kg Main terpenoid  
ingredient
Orange 10 000 1 Limonene
Peppermint 6 000 11 Menthol
Citronella 5 000 11 Geraniol, citronellol
Lemon 3 000 9 - 2 0 Limonene
Eucalyptus 2500 7 Cineole
Clove leaf 2 000 3 Eugenol, caryophyllene
Spearmint 1500 1 0 - 2 0 Carvone
Lemongrass 1000 14 citral
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The worldwide consumption of flavours and fragrances can be broken down into the 
following sections: 14.8% aroma chemicals, 17.5% essential oils and other natural extracts, 
29.2% fragrance compositions, and 38.5% flavour compositions. Layman (1994). The 
formulated flavours and fragrances that between them make up the largest volumes of this 
market in terms of sales fraction comprise complex blends of aromatic compounds such as 
essential oils containing up to 100 or more constituents and their natural derivatives. They 
may be concentrates or diluted using various solvents. These formulated products are widely 
used in the beverage industry. An example in the beverage industry is the use of orange and 
lemon essential oils in the flavouring of similar carbonated drinks. The tobacco industry is 
another user of oils such as mint in some of the cigarette brands. The pharmaceutical 
industry is one of the major users of these oils in many of its formulations. Formulated 
fragrances are widely used to give pleasant smells to fine fragrances, personal care and 
household products.
Developed countries consume more than 75% of the fragrances and flavour materials. 
Layman (1994). Western Europe manufacturers whose combined output for 1994 totalled 1.4 
billion US dollars have dominated raw materials production for flavours and fragrances. Berk 
(1984), Pearce (1988), Because of the nature of the business fragrance and flavours the 
houses tend to be small. This is due to the high specialisation, which characterise the 
industry. The wide range of products and small size of the industry and the demand for 
natural products means that the market can accommodate new producers from any part of the 
world. The main leading houses are given in Appendix B.
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2.6.1 Synthetic products
The fine chemical industry uses natural products as starting raw material for the synthesis of 
the new products (semi-synthetic) that are required. Natural oils are used as precursors and 
are blended with synthetic chemicals to produce the final product. Examples are:
(1). Synthetic camphor from a-pinene, Dev et al (1984). The precursor, a-pinene, is obtained 
from pine oil in relatively large quantities.
(2). a-Terpineol. This is a stable monocyclic terpene alcohol having a pleasant lilac-type 
smell. It occurs naturally in orange oil, nerol, linalol among other oils. However most of the 
w orld’s supply comes from a-pinene hydration under acid conditions to terpene hydrate 
followed by selective dehydration to a-terpineol.
(3). Geraniol, linalol and citral. These used to be isolated from natural sources. Recently the 
attention has shifted to synthetic products. The starting material is p-pinene itself obtained 
from sulphate turpentine, Othmer et al (1976), Dev et al (1984).
The natural products (similar to essential oil constutuents) in fruits and other plant sources 
are responsible for certain fragrance and flavour compounds that have been isolated and 
purified for commercial use. Berk (1976). The synthetic (flavours produced from simple 
terpenes such as a-pinene) compounds in many applications are similar in structure and 
chemical properties to the natural compounds. So, natural fragrances and flavours have been 
used as raw material to produce the more valuable fragrances and flavours. This then blurs 
the division between natural and artificial flavours in food, Schlosser (2001). The 
technologically inportant reactions for the conversion of terpenes are of six main types, 
Othmer et al (1976) :
1. Acid catalysed rearrangements, additions and eliminations.
2. Thermal rearrangements.
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3. Allylic rearrangements.
4. Hydrogenations and other reductions and dehydrogenations.
5. Stereochemical changes (epimerizations).
6. Oxidations including halogénations.
2.6.2 Medicinal and biological uses
A number of approaches have been used in order to isolate new plant extracts which includes 
in their composition the essential oils in order to find new medicines. The one approach that 
has tremendously increased is the use of enthnopharmarcology. This is the use of the 
knowledge of traditional medicines in finding new leads into new medicines, Houghton 
(January 1999), Balchin (1995), Jaspars (1999).
A very good example is the reverting to natural products for the search for other possible 
anti-malaria products. This has been so, after development of resistance to the purely 
synthetic products by the malaria-causing pathogens. This resistance has not been noticed 
against natural anti-malaria substances. An example is the drug commercially called 
mefloquine, which is a quinoline derivative. This drug has been in use against malaria 
parasites since 1977, Jaspars (1999). This drug is now not able to effectively wipe out 
Plasmodium falciparum, P. maleriae, P. vivax or P. ovale due to drug resistance. On the 
other hand quinine which is a natural compound extracted from Cinchona succirubra has 
been in use since 1630 and is still effective against malaria. This should be due to the 
inability by the parasites to develop resistance to this natural drug.
Another development is that most of the Western large pharmaceutical companies have 
natural product-based groups as part of their drug research programmes, Lassak (1989),
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Cordell et al (1989), Labadie et al (1989), Kitigawa (1989), Janssen et al (1989), Houghton 
(1999). The importance of natural products as medicines can be viewed in the light that 
many modern day medicines still have natural ingredients. At least a quarter of all 
prescription items dispensed in the US and UK contains as active compounds, molecules 
derived from flowering plants. Other sources of data show that 12 out of the top 25 highest 
earning drugs in 1995 were derived from natural products. In the developing world it is 
estimated that plant-based medicines comprise 80% of medicaments used in the primary 
health care, Mafel et al (1989).
Another drug developed from traditional medicine (this time Chinese) is artemisinin. This is 
an anti-malaria compound, which is derived from Artemisia annua, a relative of the British 
weed mugwort. The compound and more widely some of its recent derivatives, such as 
artemether are now used as anti-malaria treatment in areas where the parasite is resistant to 
chloroquine.
The other approach that has been widely used is the reductionist approach. This means all 
the tests involving the drugs would involve separation for the very active compound or 
compounds. The disadvantage of this approach is shown in the loss of some of the 
extractives, which offer synergistic characteristics to the active compound. It has recently 
been concluded that some of the compounds that are removed and left as waste material in 
the reductionist approach can be very instrumental, by being synergistic in the efficacy of 
many drugs. The similarities in drugs and fragrances is very clear and these are:
1. Most drugs and fragrances are heterocyclic chemical substances and most of whose
building blocks are the derivatives of the isoprene unit. This means the isolation
methods, which apply to fragrances, apply to drugs.
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2. Synergy is common in both. Mixing many chemical substances, which then offer 
synergistic properties, enhances fragrance quality. This trend has been noticed in 
medicinal extracts as well, Lachowicz et al (1998).
3. Development of both applications could have remarkable economic contribution to 
communities in the developing world. The fragrances can offer a source of income 
and the medicinal extracts a cheaper access to health provisions. They are both 
growth areas. Insecticides and pesticides could also contribute to ending famines 
caused by lack of high technology grain storage and preservation techniques, 
Montesbelmont et al (1998), Tunl et al (1998).
Essential-oil-based insecticides substances have the advantage of being biodegradable and so 
are a cleaner alternative to the conventional synthetic compounds, which could exist in the 
environment for much longer thus posing environmental problems and ultimately health 
problems to people and animals. An example of such a synthetic chemical is DDT, which 
together with its derivatives (residues) remains in the environment where it harms birds’ eggs 
for many years after its use.
One of the most recent essential oils found to be part of a very effective medical formulation 
is eugenol. Its source is the clove where it is the predominant component. The formulation 
has been medically approved and is effective against diabetic wounds and is now being 
produced commercially and is patented. The use of eugenol in medicinal applications is 
brought to the fore by its recently successful use as the main active component in an emulsion 
for treating diabetic wounds which is being hailed as a very successful discovery by a 
Sudanese doctor, Reuters (1998).
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Essential oils find a broad use in the developing world. One application that is receiving 
immediate attention is the investigation of anti-malaria oils, Tyagi et al (1998). Kenya’s 
Pyrethrum Board is leading in this research and development, resulting in increased demand 
for the product internationally, Reuters (1998).
Some work has been done to establish the correlation between bioactivity and composition of 
essential oils. In studies done using selected essential oils, it was established that some oils 
had biological activities, Balchin et al (1995). The biological activities of six camomile oil 
samples were variable but low. The best antibacterial effect (against 20 strains of Listeria 
monocytogenes) and anti-fungal activity (against Aspergillus niger) was shown by one of the 
Moroccan oils which had almost twice the concentration of santolina alcohol as the others. 
The strong antibacterial and anti-fungal activity of lemongrass and Litsea  oils could be 
associated with the high citral content.
Samples of neroli oil, with distinctly different linalool contents, showed similar antibacterial 
activity but different anti-fungal activity. There is an apparent correlation between 
antibacterial and anti-fungal activity and contents of linalool and linalyl acetate in these 
essential oils. Tanker et al (1975). Another almost similar example is the case of Myrstacea 
oils, which show an inverse correlation between the 1,8-cineole content, and the anti-fungal 
activity. Ar\.\i-Listeria activity as well as pharmacological action was extremely high for 
E.citriodora, with high citronellal content, compared to the Eucalyptus globulus, w ith 91% 
cineole, Lachowwicz (1998). The later though, is used widely in aromatherapy due to its 
supposedly high anti-microbial activity.
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Strong bioactivity was observed when major components of the oils was eugenol as in the 
oils of pimento, with 82-85%, clove bud and leaf, 83%, bay, 62% and cinnamon leaf, 82%, 
Hassan (1998). There was less pronounced activity where the major components were 
geraniol, citronellol and linalool. Essential oils with high monoterepene hydrocarbon levels 
were shown to be very effective against bacteria although not against fungi except where the 
high carvone content could have influenced the results. This relationship was more 
pronounced when the terpenes included pinenes, camphene, a-terpinene, y-terpinene,myrcene 
or limonene. When tested in guinea pigs the high monoterpene oils were also seen to be 
spasmogenic though no explanation has been found for this, Shimoni et al (1993), Varma et 
al (1997). In conclusion the essential oils that have been shown to be linked with 
consistently high biological activities against microorganisms in-vitro, including fungi are 
those containing cinnamaldéhyde, eugenol and citral as their main components.
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Table 2.4 Drugs with Vegetable Origins, after Connor (2000)
Drug Disease treated and source o f active substances
Quinine (Anti-malaria), derived from the bark of Cinchona species
Artemisinin (Modern anti-malaria drug), from the Chinese medicine plant Artemisinin 
annua.
Reserpine (For high blood pressure), from Rauwolfia serpentina, a traditional 
remedy for snake bites.
Digoxin (Treating heart disorders), derived from foxglove. Digitalis purpurea
Ephedrine (anti-asthma) from Ephedra sinica, or Ma Huang, a drug long used in 
Chinese medicine.
Turbocurarine (Muscle reluxant), from Chondrodendron and Curea plants used by 
Amazon Indians as poison for their arrow heads.
Aspirin (pain killer), originally derived from willow trees
Six trees belonging to the species Swartzia madascariensis growing in Zimbabwe had to be 
destroyed to produce just 50g of a new anti-fungal agent. The agent will be used to treat 
fungal infections such as athlete’s foot and thrush. The agent is clinically more effective than 
any current anti-fungal drugs on the market. The next step is to synthesise the active 
ingredients in the laboratory, Connor (2000).
2.6.3 Agricultural and veterinary uses
The use of essential oils also has applications in veterinary medicine. Although this area has 
not been effectively studied it has been observed that:
Fleas in birds were controlled in the chicken runs by use of plant leaves or branches. The 
control derived from the volatile chemicals that were produced by the plants. And it is now
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known that these chemical substances are essential oils. The effect in such pest controls 
could be multiplied many times if the exact active chemical compounds are isolated and 
applied as a concentrate. This would be epidemiologically very useful, as control would be 
exercised within very short time. One interesting thing is that these outbreaks of infestation 
are very common in tropical regions where they are facilitated by the favourably higher 
temperatures. So production of veterinary medicinal extracts in these regions would be 
economically strategic. This opens up new areas of research in the isolation, identification 
and authentication of the efficacy of essential oils, which may have these important 
veterinary applications. Livestock has also traditionally been treated for wounds using herbal 
extracts whose active ingredients among other things are essential oils.
The other area that would benefit developing countries by research into essential oils is their 
use in grain storage preservatives. [See section 2.6.2]. Vapours of oils extracted from cumin, 
oregano and pimpinella have been shown to be effective in killing the carmine spider mite 
and cotton aphid. Just like their effect in fragrances most of the characteristics of essential 
oils are enhanced synergistically. This could cause a big problem where their applications 
depend on their isolation in relatively large quantities such as when they are used as 
insecticides. In a study in Mexico on the control of Aspergillus flavus  in maize, using 
essential oils and their components has been effective, MontesBelmont et al (1998). Tests 
were done to determine the optimal levels of dosages for 11 plant essential oils for maize 
kernel protection. Essential oils of Cinnamon zeyulanicum  (cinnamon), Mentha piperita  
(peppermint), Ocimum basilium  (basil). Origanum Valgare (ariganum), Teloxys ambrosiodes 
were tested with varying degrees of effect, Mann et a l (1998).
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Interestingly some of the observations made on the ground so far is that a good number of the 
plant species, which show pesticide properties in animals also show, grain preservation 
properties. In Zimbabwe a good example of such a plant is one locally called mushani (in the 
Shona language), whose botanical name is Lippia javanica. It is used for grain preservation 
and pest control in fowl runs, Oral tradition (1980). The active essential oil components have 
never been isolated. The knowledge of its use has until now, been passed down generations 
by oral tradition.
Fassbinder (1999) synthesized peryll acetate from the monoterpenoid peryll alcohol obtained 
from spearmint oil, Gibson (1999). She used the chemical to kill beehive mites or Varroa 
jacobsoni, which Were affecting her brood in 2000 hives. The pesticide eliminated many of 
the mites without harming any of the bees, Noel (1997). The pesticide is likely to substitute 
the pesticide flavulinate whose use has increased its concentration in honey products. It is 
considered harmful.
Plate 2.6.3 Varroa jacobsoni mites (dark spots) on a bee pupa. They destroyed 90% 
of honeybees in US, Gibson (1999).
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2.6.4 General household and personal care products
Essential oils are used in the production of general household products such as soap, 
detergents, washing liquid, shaving creams, shampoos, toothpaste and toilet disinfectants 
among a host of other products, Othmer (1970), Kintish (1994), Somogyi (1996), Schlosser 
(2001). Smells are not universally appreciated:- while pine may suggest cleanliness in Europe 
the correct smell in Indonesia is Jasmine. Perfumery companies spend millions of pounds in 
focus groups, trying to find out what smells are appreciated in different places around the 
world. For example mango is unacceptable in Jakarta but apple is, Mortished (2000). The 
variation in fragrance preferences regionally present a market opportunity for use of different 
products to get the acceptable smell, thus approval.
In addition to being the w orld’s largest flavour company. International Flavour and Fragrance 
(IFF) manufactures the smell of six of the ten best selling perfumes in the US. It also makes 
the smell of soap, detergents, washing liquid, shaving creams, shampoos, toothpaste and 
toilet disinfectants, furniture polish and floor wax [See Paragraph 1]. All these aromas are 
made through the same basic processes: The conversion of volatile chemicals through one or 
more of the organic chemistry reactions [See Section 2.6.1]. The underlying science behind 
the scent of shaving cream is the same as that responsible for the flavour in fast food meals 
such as those from fast-food chains, Mortished (1999), Schlosser (2001).
2.6.5 Food flavouring
Oil extracts from lemon, orange and grapefruit rind are used to flavour drinks and produce 
that natural fruit taste, Phillips (1985). Food flavouring is another sector of market for oils 
after fragrances. Natural plant extracts such as paprika for example confers both colour
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(recently displaced the synthetic additives in many processed sauces) and flavour to food 
products.
New processed foods are developed and launched on the market every year in the developed 
world. The numbers of new product launches in the developing world is much less. For 
example approximately 10 000 new processed food products are launched in the US annually. 
Almost 90% of the launches fail. The growth of IFF has mirrored that of the flavour industry 
as a whole. Flavours are fine chemicals of very high value. The chemical that provides the 
dominant flavour of bell pepper can be tested in amounts as low as 0.02 ppb; one drop is 
sufficient to add flavour to the amount of water needed to fill 5 average-size swimming pools, 
Schlosser (2001).
2.7 Socio-Economic Reasons for Improvement o f Steam Distillation o f Essential Oils
The need for research in steam distillation can be viewed in terms of very recent trends in fine 
chemicals, Dapkevicius et al (1998). The big pharmaceutical companies have revived the 
interest in natural products. The economic factor primarily is the increasing demand for 
natural (essential) oils all over the world, mostly in the developed countries. The socio­
economic factor is the possibility and huge potential to improve the quality of life of those 
people living in the developing countries by assisting them to produce these chemicals 
needed in the developed countries. The attractions are the readily available market, the 
experience these people have in agricultural productions and the relatively easier 
capitalisation of essential oil production facilities. The agronomy of the plants that will be 
used as sources of the oils can be adopted without a lot of problems. The people where these 
projects will be proposed already derive the livelihoods from agriculture.
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Another factor is the fact that most of the areas are well suited to the growing of the plants 
due naturally to the soils and climatic conditions that exist there. One of the plants used to 
isolate essential oils from it is camomile. This plant has been reported to be successfully 
growing in Jammu and Kashmir in India, Achmad et al (1989). It should be possible to adopt 
similar cultivation schemes in countries in Africa. A  good example is the successful 
cultivation of a similar crop in Kenya where trial isolations have been carried out. All these 
possibilities have once again created the need to research into improved techniques in this old 
process, steam distillation.
The worldwide market for chemicals derived from terrestrial plants currently stands at 
US$22bn, Jaspars (1995). This has encouraged companies to tap into this vast resource and 
even go beyond to tap into the “deep”, the sea. There are more than 150 000 useful 
compounds derived from terrestrial plants. Many of the rules governing conduct for 
bioprospectors were formalised at the United Nations Conventions on Biodiversity in 1992. 
The ratification encourages collaboration and the development of socially beneficial and 
commercial products, as well as technology transfer to the source countries. The most 
important clause encourages the fair and equitable sharing of the results and benefits arising 
from the commercial uses of the source country’s genetic resources, and suggests ways in 
which that might be achieved.
2.8 Analytical Tests
Analytical separations of monoterpenes, sesquiterpenes, and diterpenes are now made chiefly 
by gas chromatography (GC). Identifications are made mainly by infrared spectrometry, 
which also supplies much structural information. Ultraviolet/visible spectrometry, proton 
magnetic resonance, mass spectrometry, fluorescence spectroscopy and optical rotatory
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dispersion obtain additional structural information. Identification methods such as physical 
constants and melting points of derivatives are still used, but in supplementary way to the GC 
tests.
Essential oils are analysed on two levels. There are tests that are done by the producers. 
These mainly involve gas chromatography (GC) and mass spectrometry (MS) Simandi et al 
(1996), Isidorov et al (1998), W erhoff et al (1998). The two analyses are usually done 
together. Flavour and fragrance characteristics can be qualitatively and quantitatively defined 
by GC tests. MS is qualitative. GC profiles (chromatograms) are qualitative and the areas 
under the peaks are proportional to the concentration of each constituent, which is a 
quantitative measure. On another level are the tests that are done by the end-users in their 
commercial applications. The tests tend to be specific and are outlined as International 
Standards Organisation (ISO) standards. An example is International Standard ISO 134. This 
standard applies to the oil of Eucalyptus defined as oil of Eucalyptus citriodora obtained by 
steam distillation of the leaves and twigs of Eucalyptus citiodora Hook of the myrtaceae 
family.
In addition to the chromatographic profile, the standard specifies all the other properties of 
the oil such as colour, odour, relative density at 20^C, refractive index at 20®c, optical rotation 
at 20°C, carbonyl value, flash point, major component composition and the sampling method 
to be used for the test sample. It is clearly stated in the standard that analysis of the essential 
oil shall be done by GC, making it the most important test, ISO 1202 (1981).
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2.8.1 GC-MS Analysis
The analysis in steam distillation extraction is done post distillation on the products. The 
important tests, which are used to analyse essential oils, are the GC and or GC-MS tests. GC 
analysis has been done on a variety of essential oils in order to determine the quality and 
quantity of some components in the yield. This is one major advantage of the GC tests. It is 
even enhanced by the ability to carry out hyphenated tests such as GC-MS analysis, which 
offers a comprehensive result on any one essential oil, Richmond et al (1994). GC-MS was 
used to determine the major components of essential oils in South African Eucalyptus 
species, Ndou et al (1985) (studied the variation of oil content with seasons during the year 
using the same method), Nicolle et al (in 1997).
The use of chromophoric groups in the analytical evaluations has also been mentioned in the 
Artemisia research by Visser et al (1991). The method they proposed involved the colour 
development using a chemical treatment of the product. The advantage with oil such as 
camomile is that the blue colour development does not require the use of chemical treatment. 
This means that no impurities are added to the products. However, one problem that remains 
is that the blue colour that is associated with the camomile oil changes to yellow on storage. 
That means that the UV analysis should be done within a certain time frame after the 
production of the oil. Some work also needs to be done that will involve determining the 
factors affecting the rate of colour change during storage. A  general method is to store oil in 
brown bottles and keep it away from direct sunlight. Interestingly the market for camomile 
oil is interested in the blue-coloured product. Although the development of the blue colour 
was not designed for it happens to be a favourable coincidence with respect to market needs 
in this case. The chemical compound responsible for the blue colour is called chamazulene, 
Cheplogoi (1995).
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2.9 Theoretical Background
2.9.1 Process economics and optimisation
In optimising a steam distillation process the best possible result is obtained if all the 
consideration being made are considered in terms of the restrictions available. Steam 
distillation is characterised by the following constraints :
• Time available to implement the project or run a batch
• Money available for the project
• Expertise required to operate the new system effectively, Brennan (1998).
In this case the major parameters, which will confer constraints to the optimisation, are:
Batch run time, ultimate yield per batch and product quality which are affected by raw 
material particle size, vapour generation rates, cooling rates of the vapour to produce the oil- 
rich condensate, sedimentation rates which result in oil/water separation of the condensate 
and, heating costs.
It is important that the problem is broken down into a simpler parts. One way of doing this 
will be to classify the parameters into minor and major constraints. While that is possible in 
theory, it is not as simple as it may look. The reason being that each parameter affects the 
others and ultimately the total objective. Another approach is to consider all the parameters 
together in one analysis. This may involve the use of data from experimental results. It is 
only after this that the parameters can be grouped into major and minor ones depending on 
the extent of their effect on the whole system.
54
Chapter 2: Essential Oils Production, Uses and Process Design
Essential oils contain some volatile chemical substances. As such any inefficient cooling will 
result in losses of these possibly valuable substances. At the same time too much cooling 
may increase product viscosity, which would result in increased adhesion to condenser tube 
walls and thus reduce its recovery, Schulz et al (1996). In the case of oil from camomile 
flowers the high viscosity of the oil at low temperature and unfavourable interfacial 
properties make it adhere to the walls of the condenser thus reducing the yield of the product. 
Use of excess steam will mean excess heating costs. The excess heat is rejected in the 
condenser. Heating is the main production cost in distillation. King et al (1982).
The rate of sedimentation has always been discussed in terms of product yield and cost. The 
other hidden cost that is associated with inefficient separation techniques is the pollution to 
the environment Fleisher (1990), Fleisher et al (1991), Spencer et al (1994). If all or most of 
the oil that is in the condensate is not allowed to separate and thus be collected as part of the 
yield then it may end up in waste waters that will end up in the environment. Some of the 
costs may be public product boycott and government legislation, which will result in court 
cases and fines being charged.
The optimisation of the steam distillation operations proposed in this work can prove to be a 
better process only if the comparisons are done between the old and proposed process. 
Costing the two entire processes can effectively do this comparison. If the newly proposed 
process should turn out to be superior as measured by the reduction in distillation time, 
higher product yield, reduction in biological oxygen demand (BOD) in waste waters and 
hopefully better product quality then the last consideration will be overall costing. However 
costing of a process operation may vary depending on the extent of optimisation exercised. 
The optimisation is also dependent on numerous compromises that have to be adopted for
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pragmatic reasons. An example is the fact that it will be better in theory to extract all the oil 
that will be in the raw materials. But that, in steam distillation will mean having to run the 
still for as long as (up to) 6 hours. This will give extraction rates close to 100% but at high- 
energy costs due to steam generated to sustain such distillation levels. This is not economic.
In optimising the SDE process or any other essential oil extraction processes it is imperative 
that the elution sequence from the vegetable matrix is established in order to be able to 
predict when certain very valuable components will come out with respect to time and other 
components. It is possible that on a pilot plant level the extraction time is too long. A  good 
indication of this situation is given from time optimisation experiments, Simard et al (1988). 
In 10 different experiments the oil fractions obtained during the first 30 minutes (yields % 
70% ) in cedarleaf oil and balsam fir oil meet all the quality values in terms of refractive 
index, specific gravity, and percentage ketones. It is worth pointing out that the yield of 
about 70% stated is also relatively very high for a 30-minute extraction. However, during the 
next 30 minutes period the refractive index values are higher than the standard maximum of 
1.4590 and the ketone content is in the 47-57% range. This ketone content decreases with 
time, and this aspect could be more common in processes that involve cohobation as a 
technique to reduce loss of volatile compounds in aromatic wastewaters. In other 
experiments although the ketone content was higher (than 60%) the trend of it decreasing 
with time is observed again, Hachey et al (1988), Nicolle et al (1998).
It may be possible to study the optimum run times to determine the shortest cycle times that 
give the best product with respect to cost by using a chosen essential oil extraction 
experiment. By following extraction rates and composition with time using techniques such 
as headspace sampling and analysis it is possible to determine the extraction sequence or
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configuration. In some studies taking into account the variation of the ketone content with 
time, it appears that steam distillation of about 80% of the available oil is a good target since 
the cost of energy is kept at a minimum, Hemiz et al (1998), Heon et al (2000). A t the same 
time the concentration of ketones is maintained at a sufficient value and the concentration of 
the high molecular weight sesquiterpenes and eventually oleoresins are kept within 
reasonable limits.
In contrast, the use of other oil separation processes such as solvent extraction may look more 
economic in terms of materials yielded per volume of dry weight or mass of the raw material. 
Yields of extractives in excess of 5% dry mass of raw materials are common in solvent 
extractions. But it should be emphasised that these high yields come with a cost. The 
extracted materials will need further processing to separate the oils from some not-so-useful 
resinous materials. It is very common for the solvents to react with some of the components 
of the product to yield probably less important products. The analysis for quality 
control/assurance of the product may be altered as well. One of the main tests that are done 
on essential oil samples is the acid value which should not be above a certain value. In the 
case where ethanol is used as a solvent, all the polar and acidic components of the product 
would go on to react to give a higher ester content. The reaction is:
CH3CH2OH + RCO2H = CH3CH2O2CR + H2O
where R is an aliphatic chain or cyclic or heterocyclic ring or rings.
Depending on the composition of the reactor the reaction can go to completion. That is to say 
the equilibrium will be shifted to the right. The ultimate result is minimum or no acid value
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but very high ester content in the analytical result. This could be another difficulty with 
certain of such solvent extraction process.
In some cases steam distillation has to be run for example for about 6 hours in order to 
exhaust the available essential oils. The end of the extraction (of course) being determined 
by the cessation of the oil distillation from the source materials. Because different essential 
oils command different prices on the market it would be unrealistic to suggest that such long 
distillation times as 6 hours may render the whole process uneconomic. It may be economic 
for high value oils, but for the oils on the cheaper end of the scale such long processing times 
may be uneconomic. In the case of processes which use cohobation techniques such long 
process times could mean that a large volume of the important components, especially those 
that are soluble in water to some degree will be denatured thermally due to repeated exposure 
to high temperatures.
2.9.2 Effect of steaming rates
The operation of a commercial steam distillation extraction, SDE, plant involves the 
introduction of steam as the heat source and the transport media. The amount of steam flow 
rate through the packed bed is determined based primarily on the amount of biomass being 
processed per charge. Based on the experimental work done so far it is clear that there are so 
many operational options that are available as regards the relationship between the steam 
flow rates and mass of biomass charges. While steam is principally used to supply heat 
energy and as transport medium it has an influence in the yield of the oil. This is due to the 
fact that that some of the components of the oils tend to dissolve in the water phase of the 
condensate. Interestingly these same compounds are the commercially valuable polar
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compounds. The solubility of low flavour and low odour value terpene and sesquiterpene 
hydrocarbons is negligible. It is usually in the order of ppm level, Bohra et al (1997). On the 
contrary the solubility of the polar (generally oxygenated) compounds such as esters, ketones, 
aldehydes, alcohols, phenols etc can reach levels of 0.05-1.0%. These losses can not be 
under-estimated in terms of product quantity and quality.
A look at different yield curves shows that there is a range of operating conditions that can be 
adopted with regard to the steam flow rates and amount of biomass. Figure 2.9.2.1 is an 
example of commercial Eucalyptus polybractea  essential oil yield curves, distilled under the 
following conditions; extractor cross section area of 1.824 m^ and bed height of 0.5 m, 0.75 
m and 1.12 m respectively. It is the combined effect of all the process parameters that 
influence the effectiveness as well as the duration of the extraction process for each batch of 
raw material.
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5  4000 ; ------
3000
0.75m
2 0 0 0 -i
1.12m
1000
50 100
Condensate volume (L)
150 200 250
Fig 2.9.2.1 Effect of bed height on field distillation of Eucalypus polybractea, Denny 
(1990).
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However, there is a disadvantage in using higher than necessary steaming rates as this results 
in more of the water soluble compounds going into the aqueous phase. What this means is 
the loss of specific organoleptic compounds which are responsible for the production of a 
quality product. Loss of these compounds in the aqueous phase is mostly permanent. In 
many applications it has been minimised by cohobation. Again while this is quite useful as a 
means of recovery the cohobation process is separation of the different phases by distillation 
and as such does not attain complete separations since the use of high temperatures promotes 
the dissolution of the organics in the aqueous phase. The other problem is that these 
compounds are continually being subjected to high temperatures, which may cause their 
chemical change to less valuable compounds. This at times may reduce the quality of the oil.
2.9.3 The common components
Essential oils from different sources (plant material origin) exhibit different flavour and 
chemical properties. This behaviour could, if it was not for analytical methods, point to the 
fact that they are made up of different compounds. But this is far from the truth. An analysis 
by GC and GC-MS profiles of the hundreds of different oils that have been isolated shows 
that they are made up to a large extent by similar components. The fact that they exhibit 
different organoleptic profiles as well as chemical characteristics is due to the presence or 
absence of certain other components as well as the varied proportions of some or all the other 
components. This means that as long as those chemical components, that have been observed 
to go into solution in water, are present in any composite oil, it will always dissolve 
independently of the source of the oil. The only difference could be that the presence of the 
other components as well as their proportions could affect the overall chemical activity of 
such components.
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The factors that affect the solubility of these compounds in water are mainly temperature and 
concentration. Chemical substances in any system would move from their region of high 
potential to that of low potential. In order to recover these compounds the water fraction of 
the condensate will have to be recycled to the still or more recently to membrane separation 
methods. Both approaches mean more production costs and longer process times. Of the 
twenty main constituents o f Artemisia annua some have been known to be soluble in water. 
In studies done by Alexander Fleisher and Zhenia Fleisher, (1992), it has been established 
that, based on Cedarleaf oil, camphor, linalool, terpinen-4-ol, a-terpineol and borneol are all 
water-soluble. In similar work to determine the water-soluble fraction of Peppermint oil, 1,8- 
cineole, p-cymene, linalool, terpinen-4-ol and borneol were established as water-soluble 
compounds. In similar work involving Geranium oil 1,8-cineole, linalool, terpinen-4-ol and 
a-terpineol were found to be water-soluble again. Since these compounds form the major 20 
compounds in Artemisia oil they will go into solution in water as well. The wastewater i.e. 
water condensate from the distillation of oils has a very strong characteristic smell, implying 
the presence of organic solutes.
2.9.4 Determining the quantity o f water-soluble components
The water soluble oil fraction can be determined using analytical methods such as the GC and 
GC-MS, Skoog (1983), Motto (1987). The GC only can determine the profiles and quantities 
of the components in the oil and aqueous phase. The GC-MS method can easily determine 
both quantities and quality of the components in the aqueous phase, Richmond et al (1986), 
Noltig (1985). Although it is possible to determine the names of the components in the water 
solution using the GC only, it is not as easy and quick as the GC-MS method. This involve 
internal standardisation of oil samples with known analytical quality standards. The control
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or reference sample is the one prepared in the same solvent as the internally standardised 
sample but without the additional standard oil. By observing and comparing the reference 
and test samples chromatogram peaks amplification, the peaks of interest can then be 
identified as those due to the respective standard components.
It is possible to determine the ratio of the oil that has gone into water solution this way. By 
comparing the oil in the oil fraction of the condensate and that in the water fraction of the 
condensate it is possible to work out the extent of these loses. In all such work the GC can be 
used effectively for substance quantification and not necessarily effectively for quality 
analysis. However, at times the quality analysis becomes very imperative such as in this case 
where there is need to identify by name all those chemical compounds that are being lost in 
the aqueous phase of the condensate. The advantage of doing work on a laboratory or pilot 
plant scale as opposed to doing it on field or commercial scale is that, what looks to be 
unimportant (i.e. oil loses in water phase at field scale) in terms of quantity becomes very 
important if the process plant is a (small scale) pilot plant. In terms of product quality, loses 
were always going to be important as these chemical substances lost in water solution are the 
ones that confer the superior organoleptic profiles, Kishore et al (1997). In the case of the 
microbiological activity of the oil it is the heterocyclic compounds that are responsible for 
most of the efficacy exhibited by these oils. So the loss has to be avoided or minimised as 
much as possible.
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T able 2.5 Some Water-soluble Components in Basil Distillation Water, Kishore et al 
(1997).
Compound Concentration
(ppm)
1, 8- Cineole 14.59
Cis-3-Hexanol 11.50
3-Octanol 46.8
Linalool 704
Without considering the other down-stream recovery methods such as cohobation and 
membrane separation of these compounds, which adds to the cost of production, one way of 
minimising losses is by use of the minimum or more appropriately optimum steaming rates. 
These are rates that would ideally give an oil-saturated steam phase or a near-oil saturated 
steam phase during distillation. An analysis of the composition of the water soluble fraction 
of the Cedarleaf oil shows that camphor which is the main component of Artemisia  oil is the 
fourth most water soluble component after terpine-4-ol (an alcohol) in third place. In first 
and second place are a-thujone and fenchone respectively. In the analysis of water-soluble 
components of the Geranium oil linalool was the fourth most water-soluble component. In 
first, second and third places are citronellol, geraniol, and isomenthone respectively, Fleisher 
et al (1991), Spencer (1992). What this data shows is that these same compounds which form 
the major 20 components in Artemisia  oil will go to a great extent into solution with water 
resulting in their substantial loss. The loss translates into a meaningful quantity if one of the 
soluble components is a major component in the oil.
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In order to understand the relative solubility of different components of essential oils in 
water, components of any oil can be analysed for their relative proportions in the water 
fraction. A  comparison could be done of the distribution between water and oil of 
components of the Fir Needle oil which is made up of some components common to the 
Artemisia  oil, Kishore et al (1997), Fleisher (1990). The studies involved the analysis of the 
relative amounts of the components in the decanted oil (oil fraction), water (water-soluble 
fraction), and the hydrocarbon free fraction. It was observed as would be expected that the 
polar compounds formed the bulk of the water-soluble components. On the contrast the few 
hydrocarbons such as a-pinene, camphene and copaene which were soluble in water were 
present in water solution in very negligible concentartion. The highest of the three in water 
was camphene at 0.06% on a GC fitted with a FID detector. On the other hand the water- 
soluble fraction comprised the alcohol a-terpineol as the most abundant constituent at 
51.80%. This propensity of the alcohol to go into solution with water would be analysed for 
in the oil from Artemisia. First the component has to be identified using the technique of 
internal standardisation of the composite sample with a known analytical standard and the 
exact quantities worked out.
It is important to observe that though the Fir Needle oil comprises other components beside 
those common to other oils, for the common 9 components the same 6 common oxygenated 
compounds show higher water solubility. These compounds which are highly water-soluble 
are 1,8-cineole, linalool, camphor, borneol, terpinen-4-ol and a-terpineol. The last two have 
the highest composition in water at 10.15 and 51.80% by volume of the water-free oil 
respectively. The difference is made up of the other four and many other minor components 
such as the hydrocarbons.
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The disadvantage of the method used by Reverchon et al (1992) and Simandi et al (1998) in 
Anthriscus cerefolium  extraction is that the aqueous phase would retain a valuable amount 
of the essential oils. This is one principal disadvantage of the hydrodistillation process as 
compared to the pure steam distillation where material is held above the water and steam is 
passed through it. In the case of the aqueous phase both from the hydrodistillation and SFE 
process a lot of solvent such as petroleum ether has to be used to solvent-extract the organic 
volatiles. In the case of the aqueous phase from the SFE the oils in the water are even 
different from those in the bulk oil phase. In this study it is important to keep the process as 
simple as possible and minimise the capital outlay and technology while getting the best 
possible results in terms of the yield and quality of the oil.
In order to optimise a process it is always very important to understand the underlying 
problems. In the essential oil isolation one of the underlying problems to process 
optimisation has been the importance of pre-treatment.
It has been observed that some of the main problems in isolation of essential oils using steam 
distillation are:
1. Long run-times of the still batches especially during processing dried material.
2. Loss of oil in the aromatic waters as a dispersion due to incomplete separation of the two 
phases.
3. High energy consumption even in the processes where cohobation is involved due to re­
heating of aromatic water.
Based on these observation it must be possible to optimise the yield of essential oils by 
reducing the losses in the aromatic water and by better preparation methods thus reducing the 
batch cycle times. The yield may be optimised by the reduction in distillation time as well as
65
Chapter 2: Essential Oils Production, Uses and Process Design
the higher quantities produced per given batch. This is how the solution can possibly be 
developed.
In looking at possible optimisation methods it is important that the attempts consider the 
whole process. This means from raw material preparation to oil/water dispersion separation. 
It is possible to have advantages built in one place to be cancelled at some other stage down 
the process line. The steam distillation as a method for the production of essential oils can be 
divided into three distinct stages. Each one stage characterised by its own set of problems. 
These divisions are; the raw material preparation, distillation and the separation of the 
oil/water dispersion.
Since the isolation of oils and other extractives by steam distillation and other processes 
involves mass and heat transfer it is logical to place some importance on the preparation. 
This involves the provision of large surface area of the raw material in order to increase the 
rate of mass transfer. Distillation is temperature and pressure driven and any deviation from 
the ideal conditions will reduce the efficiency of the whole process.
2.9.5 Effect of vapour pressures
In steam distillation extraction, SDE, water as steam is intentionally added to the distilling 
organic mixture to reduce the required distillation temperature. In conventional SDE systems 
wiU keep m su sp en aon an y soHds Üüüimwy be TThe
overhead vapour will condense into two phases. Thus the system can be considered to be 
some type of azeotropic distillation and the added solvent is water and the separation is 
between essential oils and water, Wankat (1988). In the conventional distillation where 
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Steam distillation it is reasonable as first approximation that the water follows Raoult’s law 
arid the (irganic ccwnprments IGoftow Henry's law, Kingref (15H82:]L\Rfaidcat (Zkwlson
et ttl (1991), Muzenda (2000). Each phase exerts its own partial pressure and the total 
pressure is the sum of the partial pressures. Based on the water film around each solid 
particle at the start of distillation and assuming one organic component present this is;
Porg 4" Pw  Ptot
piw = (\/r\v):x* knv C2'2)
Porg ~  f^org ^org in w ( 2 . 3 )
where is the total pressure in the system
Porg is the partial pressure of oil 
Pw is the partial pressure of steam
and Horg is Henry's law constant for organic component in the aqueous phase, VP^ is the 
vapour pressure of water, and x^ w ^md x^ rg i„ w are the mole fractions of water and organic 
phase in the liquid film phase respectively.
Substituting Equations (2.2) and (2.3) into (2.1) gives
C^i^org) ^volatile in org "t* (^ ^ ^ w ) in w "" Ptot ( 2 . 4 )
The basic steam distillation operation will be described by the above equations as,
Horg^org in w "t” ( ^ P \ v )  in w ~  Ptot ( 2 . 5 )
where the first part on the LHS is H enry's law.
At fixed P (and T), the vapour composition is determined as,
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Yi = (P i/p J  (2.6)
Ratio of moles of water to organics in the vapour at equilibrium with the liquid is equal to the
ratio o f vapour mole fractious
Substituting Eq (2.4) into Eq (2.7) gives Eq (2.8) below,
(norg/U w ) — (P org/P w ) “  (porg/(Ptot ” P org)) ~  (^P)org^volatile/(ptot''C ^P)org^volatile) ( 2 . 8 )
If several organics are present y^ g^ and p^ g^ are the sums o f the respective values for all the 
organics. The total moles of steam required is n^ plus the amount condensed to heat and 
vapourize the organic i.e solid substrate plus oil. The general equation is;
Ptol =  W P i + P w  (2 .1 .1 )
Where X; is the mole fraction of oil component i in the o i l .
One method is operating the system as a packed bed. The idea is to approach the conditions 
outlined in the discussion i.e. continually increasing oil concentration up the packed bed, 
Shulz et al (1996). If all the essential oil has to be distilled, this is at a point during the 
distillation where partial pressure of the component p^ g^ will become very small and the total 
pressure will become equal to the partial pressure of steam i.e.
i\ot == Ps = (\fPw) (:2.9)
This is a very important process because the open steam allows immiscible materials to be 
distilled at temperatures below their normal boiling temperature without the use of a vacuum.
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This is the basis of the use o f steam distillation as a m ethod used to distil chem icals with 
higher boiling point than water.
2.9.6 Temperature -Vapour pressure curves
Tem perature - Vapour Pressure Curves can be used to determ ine the m axim um  am ount o f oil 
that can be distilled in a given am ount o f w ater vapour. Based on som e o f the physical 
properties data on essential oil com ponents in Appendix C, some of the V apour Pressure — 
Tem perature curves for some of the com ponents in essential oils is given below. The 
com ponents have been divided into polar and non-polar com ponents. The non-polar 
com ponents are the hydrocarbons such as the pinenes and lim onene. The polar com ponents 
are those such as alcohols, esters and ketones am ong others.
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Fig 2.9.6.1 Vapour Pressure -  Temperature Curves for some monoterpenes found in 
both Lavender and Artemisia oils and steam.
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Fig 2.9.6.2 Vapour Pressure -  Temperature Curves for some polar and non-polar 
components in Artemisia oil and steam
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Fig 2.9.6.3 Vapour Pressure -  Temperature Curves for some polar components in
Lavender oil and steam.
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Fig 2.9.6.4 Temperature - Vapour Pressure Curves for some Lavender components
(polar and non-polar) and steam
The calculations to determine amount o f oil in condensate, based on the above curves and 
Equations (2.9.1) to (2.9.3) below, are in Appendix D.
2.9.7 Calculation of oil in distillate using temperature — vapour pressure curves
In SDE it is the total pressure above the packed bed that is im portant. The total pressure is 
determined according to D alton’s law of partial pressures, w hich states that the total pressure 
is equal to the sum of the partial pressures of the individual vapours. In the case o f the 
packed bed this is determined by the following equation.
N ;N , = pyp, (2.9.1)
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where and Ny are the number of moles of components a and b and and Py are their 
respective partial pressures (and is proportional to molar concentration of components), 
Meloan (1999) and,
Pa + Pb = Ptot (2.9.2)
(Weight of a)/(weight of b) = (P, * MJ/(Py * ) (2.9.3)
where and My are the molecular weights of the substances a and b.
2.10 Transport in Packed Bed
2.10.1 Flow in packed beds
SDE involves the study of extraction that takes place in a packed bed. The process is subject 
to the effects of porosity (e), packing density ( p j ,  steam flow (u) and this can be given as 
interstitial velocity (u/s) or superficial velocity (u), and the amount of oil per unit mass of 
biomass. D arcy’s law can be used to describe the system:
u = K(-P/h,) (2.10.1)
where -P is pressure drop across bed, h, is bed thickness or height, u is average velocity of 
steam defined as (l/A)(dv/dt), Qf is volume of fluid flowing in a time t and K is a constant 
depending on the physical properties of the bed and fluid.
In order to understand what happens in a packed bed it is necessary to consider a unit element 
of volume, 6v, as shown in figure 2.10.1 below.
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Fig 2.10.1 Element of volume in a packed bed
The element of volume, ôv, is the product of length ôhj and cross section area A. The packed 
bed is made up of a series of these elements of volume, which constitute the theoretical, 
number of plates, N,. The oil and steam mixture’s movement up the packed bed determines 
the number of plates. In theory what happens when steam first enters an element of volume 
ÔV is that it heats it up. Neglecting the position of the oil in the biomass matrices, and heat 
losses to the environment, the temperature of the element rises to the isothermal temperature 
in the vapour space, T. In this case that would be lOO^C. The latent heat of steam that comes 
into the section of this packed bed is used to vaporise the accessible essential oils. The oil 
and steam mixture is entrained in the vapour phase to the next segment of the packed bed.
In the next segment what happens is that the incoming oil-in-steam solution condenses as it 
loses its enthalpy of vaporisation to the cold volume. When this next element of volume, 
which behaves as another theoretical plate has reached the maximum temperature.
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vaporisation of the accessible oil begins again. The accessible oil refers to the oil from the 
previous element and that in the biomass in the present element. In practice by the time 
distillation and transport from this section begins towards the next the solution becomes 
richer and richer in oil.
At operating temperature of lOO^C, the incoming latent heat in steam is used to vapourise oil, 
which will ultimately burst the oil glands and to effect diffusion, hydrodiffusion and other 
mechanisms that drive oil from within the plant matrices to the surface. The parameters; 
porosity, temperature, density of fluid and packing determine the constant K  in the Darcy 
equation.
SDE can thus be viewed as a series of vaporisation and condensation processes, which are 
driven by both pressure and temperature. It is important to maintain the temperature as high 
as possible in order to generate the richest vapours, in terms of oil. Heat and mass transfer 
takes place across a thin film of moisture that forms when steam condenses on the biomass 
surface on losing its latent heat of vaporisation. Maintaining high isothermal temperatures 
ensure maximum heat and mass transfer rates. The film offers the resistance to mass transfer 
outside the biomass matrices. Low temperatures will increase the water film thickness thus 
reduce both heat and mass transfer. This should explain the observation that wet superficial 
oil leaves are more difficult to exhaust of oil than dry sources. In the work done to study the 
hydrodynamics and mass transfer in co-current packed column, high fraction of dynamic 
liquid hold-up resulted in drop in concentration of a tracer substance that had been introduced 
on solids at one end (entrance) of the extractor, Berg et al (1996).
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2.11 Interphase Mass Transfer
Diffusion is the mechanism by which mass-transfer takes place during SDE. This transfer is 
from solid to vapour across the interfaces. This is graphically shown in Pig Z l l . l  below.
Concentration 
of diffusing 
substance A
'A ,S
A,L
solid liquid
vapour
Distance
Fig 2.11.1 The modified two-resistance concept
The oil extraction in SDE is made very complicated by the existence o f three phases i.e. 
solid, liquid and gas. In experimental determinations o f rate o f mass transfer it is possible to 
sample and analyse the oil concentration in the bulk o f the fluids, not in the aqueous Elm. 
Thus when k  ^ ky and k  ^are the locally applicable mass transfer coefficients, then the oil flux 
N ^is given by,
= K(ZA.S - ZAi) = K (XAi - XAii) = ky (YAH ' yA.o) (2.11.1)
(ZA.S -  Z^; ) / (  Xy,;; '  Xy,; )  =  - I q /k ,
( xai - Xaü) / (  y  A,G -  YAii) =  "ky/kx
(2.11.2)
(2.11.3)
ZA.i= tl(Xy^J (2.11.4)
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XAÜ = (g (YAii) (2.11.5)
where l  and ^ mole fraction are the concentration o f A  in the solid, liquid and
vapour phase respectively and z^j, _ x^ü, and y^y mole fraction are the concentrations o f A 
at the respective interfaces, Treybal (1981) .
Assuming that the water film thickness is so small that it will enable the two-phase mass- 
transfer effect to be used as an approximation to determine an overall mass transfer Iq
^ A  = K (Z A ,S  -  %A. J = k y (y A ü  - yA.o) (2.11.6)
Where XA,u is the mean bulk concentration o f oil in the aqueous Elm and together with 
&nd yA,G makes possible the determination o f the overall mass transfer coefficient k  ^and/or ky.
2.12 Heat Transfer in Packed Beds
Heat transfer mechanisms in a porous medium involves a complex thermal transport between 
the fluid and the solid vegetable material. When a temperature gradient exist in the system 
there is an energy transfer from high-temperature region to low-temperature region. The heat 
transfer rate in the packed bed is given by Fourier’s law of heat conduction:
q = -kA(ôT/ax) (2.12.1)
Where q is the heat transfer rate, ÔT/Ôx is the temperature gradient, k is the thermal 
conductivity of the vegetable material, x is axial distance and A  is the heat transfer area. 
Equation (2.12.1) determines the heat transfer from the steam to the solid biomass. It also 
defines the heat loss from the system (rig) to the environment. It is a one dimensional heat
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transfer equation and can be written for three dimensions, as is the case in the packed column
as
ô^T/ax^ + aVTy^ + a^T/az^ + q/k = 1 /a  (aT/ar) (2.12.2)
where a  = k/pc is called the thermal diffusivity of the material i.e. vegetable material. The 
larger the value of a , the faster the heat will diffuse through the material. This can be worked 
out by examining the quantities that make a . A  high value of a  could result from a high 
value of thermal conductivity, which would indicate a rapid energy-transfer rate, or from a 
low value of the thermal heat capacity, pc. A  low value of heat capacity would mean that 
less of the energy moving through the material would be absorbed to raise the temperature of 
the material; thus more energy would be available for further heat transfer. In SDE this 
energy becomes available for oil vaporisation.
Generally, the values of thermal conductivity of the solid and fluid are not of the same order 
of magnitude. Local thermal equilibrium condition is sensitive to Reynolds and Darcy 
number, Wankat (1988). In a study of heat transfer, it was found that the heat transfer 
coefficient between the solid and fluid phase might seriously affect the estimation of the heat 
transfer in a high conductivity porous channel Hwang et a. (1994, 1995). This is due to the 
structure and porosity affecting the flow patterns and thermal transport phenomena in the 
packed bed. In essential oil extraction the effect due to high conductivity should be minimal 
since vegetable material cannot be classified as high conductivity material. Its conductivity 
should be in the region of that of wooden material such as sawdust, whose thermal 
conductivity is 0.06W/m.°C.
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Particulate material provides high thermal dispersion due to a large solid-fluid contact area. 
Heat transfer in a porous channel such as a packed bed involves a complex thermal transport 
between fluid and solid medium. In order to analyse this phenomenon some simplifying 
assumptions are made, which are:
1. There are no radial gradients in state variables or physical properties. Therefore, one is 
able to use the one-dimensional transient heat transfer model.
2. The permeability is homogenous and isotropic. The physical properties of the fluid are 
evaluated at 100°C at any point along the bed on the assumption that the pressure is 1 bar.
3. The conduction and dispersion along the stream-wise direction is neglected.
Therefore, the energy balances of the solid and fluid phases are
m,c,aT/at + H^  = hA(Tf -  TJ (2.12.3)
mf^dTjdi + mfCf(u/s)(aTf/5x) + H^  = hA(Tg -  TJ (2.12.4)
In the above equations, T  ^ and T^  indicate the temperature of the solid and fluid phase 
respectively, h is the heat transfer coefficient between solid and fluid phase, Hv is enthalpy of 
vaporisation of oil and A is the heat transfer area. Equation (2.12.3) shows that the heat 
transferred from the fluid becomes the change in internal energy of the solid phase. Similarly 
Equation (2.13.4) indicates that the enthalpy change of the fluid and the heat convection in 
the direction of the flow balance the heat transfer to the solid phase. The axial thermal 
dispersion is neglected.
The concepts outlined in Sections 2.11 and 2.12 are not applicable in practice until the key 
transport parameters have been determined to acceptable accuracy.
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2.13 Thermal Insulation
Equation (2.13.1) also describes the rate of heat loss to the environment from the still. In 
order to reduce the effect of excessive condensation of the steam, and thus reduce the liquid 
hold-up in the packed bed, the retort has to be adequately insulated against excessive heat 
losses to the environment. A  layer of insulation must be installed around a cylindrical surface 
of the extractor inside which the biomass will stand. The economic thickness of insulation 
strikes a balance between the increasing capital cost of extra lagging thickness and the 
decreasing savings in energy costs brought about by each increment of thickness.
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2.14 Oil Yield Curves
Based on Figure 2.9.2.1, yield curves of Eucalyptus polybractea  it should be possible to 
divide this and similar field distillation curves according to Sim pson’s rule. [See 
experimentation section]. Field distillation is commercial scale distillation. Under 
commercial scale distillation profiling oil recovery by differentiation is inconvenient and 
most of the times it is unnecessary to break the progressive oil yield curves (which are 
cumulative with respect to condensate production) into equal (with respect to time) oil yield 
segments. In commercial scale distillation the interest is oil production and not study of the 
process. However by profiling oil yield against time it should be possible to have sample 
yield curves which can then be integrated to produce the cumulative yield curves. In field or 
commercial distillation the yield has been determined only as cumulative yield.
Section A Section B
Oil
yield
Time or cumulative condensate volume
Fig 2.14.1 Hypothetical sample yield curves showing the effect of process conditions 
on extraction of essential oil.
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Figure 2.14.1 is a hypothetical graph, thus the reason why there are no units of time and oil 
yield. Graph a shows the most effective operating conditions and graph d  is the least. 
Conditions a, b, c and d  in Figure (2.14.1) are the combined effect of a set of process 
variables used in the respective distillations. All other things being equal the conditions that 
will produce the richest (in terms of oil content) condensate should be those which give the 
highest steam residence time in the packed bed. In practice the curves should start from zero 
at the origin and rise to the maximum oil content where it assumes steady state with respect 
to oil content in vapour phase. After some time, the oil content in the raw material drops and 
so will its content in the condensate. In studying the combinations of the process variables 
and how they affect the shape of the sample yield curves it should be possible to define some 
general guidelines that could result in optimised steam distillation. The integration of the 
graphs in Fig (2.14.1) produces the cumulative yield curves [see Fig (2.9.2.1)] which are 
shown in most commercial and experimental distillation and other extraction processes, 
Sovova et al (1984), Denny (1990), Reverchon et al (1993), Heon et al (1996), Goto et al 
(1998), Akgun gf a / (2000).
A  typical sample yield curve such as the one in Fig (2.14.1) can be divided into two sections 
in terms of extraction rate. Section A  is the one that is attained when the system attains 
steady state with respect to the amount or fraction of oil in the condensate. This is the 
maximum oil content of the entire extraction and underlines the period during which the bulk 
of the extraction takes place. This is governed by both the resistance of oil diffusion in the 
solid matrices and the oil equilibrium between the vapour/solid phases. The equilibrium of 
the oil between the phases is the major limiting factor to mass transfer in section A. 
Resistance to mass transfer of the oil in the solid matrices governs the second section.
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labelled B  in the diagram. This part of the graph, which indicates the decay of oil 
concentration in the condensate is due to exhaustion of oil in the vegetable raw material.
The division of the yield curve into these two distinct sections is clearer in sample yield 
curves than in commercial or field yield curves which show the data as cumulative yield. It is 
the possibility of varying the maximum levels attainable during section A, which may provide 
a method by which steam distillation can be optimised. By finding the conditions that will 
maximise section A, the optimisation should be achievable.
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Chapter 3
Experimental Work
3.1 Introduction
The experimental work comprised two main stages:
(1). Extraction of the oil by distillation from vegetable raw materials.
(2). Qualitative and quantitative analysis of the essential oils on capillary column 
gas chromatography (GC).
The extraction of the oil took place in a pilot steam distillation plant and the analysis 
on a GC instrument. The equipment and materials used in carrying out this work 
were divided between the two, extraction and chemical analysis. The methods, 
material and equipment used in experimentation are described in this chapter. A  
discussion and comment on the methods used and the choice of the materials and 
operating conditions are at the end of the chapter. The second stage of the 
experimental work involved the use of the gas-liquid chromatography to study the 
quality and quantity of the oil as well as determining the product profile using the 
principal or major-component approach.
3.2 Steam Distillation Equipment
Distillation was carried out by passing saturated steam at 100°C through a packed bed 
of biomass. The steam distillation was carried out on a distillation rig, which was
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made up of the following main sections: a steam generation unit comprising a 
reservoir of water in heating mantle, an extractor made up o f the biom ass container 
surrounded by the external insulation and steam jacket, thermocouples, and a 
condenser. At the bottom of the container is a wire screen m esh with very small 
apertures that were less than 50 microns. The fine mesh distributes steam evenly. The 
thermocouples were for measuring temperature along the process line. Current 
control on the heating mantle to vary the steam generation rates w as by means of 4 
rheostats, 3 with a maximum current of 2.7A and one with a maximum current of 4A. 
A schematic diagram of the process line is shown in figure 3.1 below.
Packed bed
Condenser
Decanter
Steam
Oil
Heater Waste-waterWater
Boiler Power control
Fig 3.1 Schematic diagram of steam distillation extraction process
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3.3 Materials
The consumable materials that were used to investigate the steam distillation process 
with the objective of developing more understanding of the process were lavender, 
Artemisia annua leaves and saturated steam.
3.3.1 Artemisia annua
Artemisia annua was used as one of the sources of essential oil. The particle size 
analysis iox Artemisia annua leaves was done using sieve screens. The main biomass 
samples were first thoroughly mixed and 5 samples taken diagonally from the bag and 
were then mixed to produce the composite sample that was analysed. Smaller batch 
samples were taken for oil isolation from the main composite batch. The results are 
shown in Chapter 4. This particle size analysis is based on the assumption that all 
particles are lying on their most stable surfaces. Artemisia annua represents one of the 
two main types of essential oils, a subcutaneous essential oil. The other type is called 
a superficial essential oil. Subcutaneous oil is stored inside complex plant matrices 
and superficial oil is on or near the surface. Due to their position deep inside plant 
matrices subcutaneous oils should in theory be more difficult to distil under similar 
conditions than superficial oils. That is the reason why Artemisia annua provided a 
good case study in addition to being conveniently readily available during the course 
of this work.
3.3.2 Lavender {Lavandula Angustifolia)
Lavender was selected as the other source of essential oils because it is a source of 
superficial oil, Denny (1990). Superficial oil is contained in oil glands situated on or
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near the surface (cuticle) of the plant structure. It would present a good case study for 
comparison of process performance between it as a superficial oil source and 
Artemisia  as a subcutaneous oil source. The other reason is that lavender has to be 
processed soon after harvesting to avoid losses of oil during storage. It was important 
to choose a superficial oil biomass such as lavender that could be obtained locally. 
The lavender sample was prepared by cutting the flower stalks into lengths of about 
1cm on average together with the petals. They were then mixed to form a uniform 
sample for all the batches that were used to distil oil.
3.3.2.1 Particle Size Analysis
Both the Artemisia and lavender vegetable materials were analyzed for particle size 
distribution using sieves. The sieves that were used are British Standard sieves, BSS 
410 -  1969. The other equivalent standards are American Standard Wire Mesh 
Sieves, A S T M E ll : 70. The German Standard Sieve equivalent is DIN 4188 Part 2.
Eight sieves were used to determine the size distribution of artemisia particles. The 
sieves in the series were of aperture sizes of 1400, 1000, 710, 500, 355, 250, 180 and 
125 microns. Eight sieves were used to determine the size distribution of lavender 
particles. The sieves in the series were of aperture sizes of 5.60mm, 4.75mm, 
4.00mm, 3.35mm, 2.80mm, 2.36mm, 2.00mm and 1.70mm. The results of the sieving 
are given in the results section as Figures (4.3.2.1) and (4.3.2.2).
3.3.3 Steam
Steam used in all the experimental work was generated in situ and is saturated. It was 
generated at a temperature of 100°C at a pressure of 1 atmosphere. Steam can be
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generated with different properties and therefore quality control of steam is very 
important in SDE work because variations can affect the process efficiency. Steam 
can be generated as wet saturated steam; the type used in all this work, dry saturated 
steam or superheated steam. Saturated steam is produced from boiling water, which 
remains in contact with the steam and is generally described as wet steam. The 
amount of moisture in the steam is known as its quality and the amount of other 
contaminants denotes its purity. Usually the superheated steam is generated at higher 
pressure. Saturated steam can also be generated at higher pressure with the difference 
being that it will not have the extra heat called the superheat. This use is possible due 
to the very high latent heat of water to steam of 2256.9KJ/kg, which enables steam to 
carry a lot of heat. Dry saturated steam contains neither moisture nor superheat. This 
implies that superheated steam is in fact dry steam, which could be used, in selected 
cases in steam distillation as will be commented in the discussion part of this report.
3.4 Experimental Method for Oil Extraction
Steam has two main uses in steam distillation applications. The first is as a source of 
heat. The second use is as a transport medium. The ease with which steam and oil 
vapours separate into two fractions on condensing is another advantage.
3.4.1 Procedure
Before a charge was placed in the stainless steel retort the water in the glass vessel 
was heated up to boiling point. The 750g charge was then put in the stainless steel 
container. In order to avoid some fine dust particles from going into the water the
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charging of the extractor was not done above the water. The stainless steel extractor 
was then placed above the boiling water and all the top covers bolted in place.
The rig temperature reading points were connected immediately after the charge was 
tightly bolted into place. The temperature monitoring points were:
1. Steam jacket between the stainless steel retort and the glass wall outside
2. Inside wall of stainless steel retort, 9cm below biomass surface
3. 9 cm below the surface at the center of the biomass
4. In vapour space 6 cm above the surface of the vegetable material that is kept at 
the same level in all the batch extractions.
5. On the bend towards the inclined condenser and finally
6 Condensate on the condenser exit.
The temperature profile along the process line was generally the same for the different 
steaming rates. The temperature at the points 1 to 6 above were on average, 99.6°C, 
lOO^C, lOO^C, lOO^C, 92-96^C and 60*^ C (for Artemisia annua) respectively. There 
was a slight variation of about 0.2°C in the steam jacket between low steam flow rates 
and higher steam flow rates. It was always higher when the steam flow rates were 
higher. Cooling water flow rates were adjusted in order to attain desirable condensate 
temperatures. For example the condensate temperature for all the lavender extraction 
was kept at 32 ± 0.5°C. Higher temperatures of 60 ± 0.5°C were used for Artemisia  
annua oil condensate because unlike lavender oil it is very viscous (pure camphor 
starts to crystallize at 59°C) at low temperature.
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Every batch started with fresh water charge of 40 litres used to raise the steam. The 
water was not replenished during the course of the run because pressure had to be 
maintained at 1 bar in the boiler. It was assumed that the water losses as condensate 
had negligible effect on pressure of the steam in the vessel above the electric heating 
mantle.
The steam took a while to break out at the top of the biomass, which was indicated by 
a rapid rise in temperature as well as condensate formation on the cooler surfaces. In 
experiments where condensate was collected at higher rates it took a shorter time for 
the steam to break through than at lower rates.
The sampling started with the collection of the first droplet of condensate that came 
out at the condenser exit. It was observed during this sampling that initially the system 
is not at steady state in terms of condensate flow rate when the first few (2 to 4) 
samples were collected. The first sample always took longer to collect in the sample 
bottles marked to collect the 20ml and 15ml volumes for Artemisia annua oil and 
lavender oil condensate respectively. However the rest of the samples took the 
average time once the system had reached steady state with respect to mass flow rates.
The condenser cooling water was controlled to 57°C for Artemisia annua oil and 32°C 
for lavender oil. This determined the maximum temperature of the condensate at the 
exit of the condenser before being cooled immediately to about 20°C in the sampling 
bottles standing in cold water. High viscosity is a common problem with many types 
of essential oils, Schulz et al (1997).
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The 20ml sample volume was decided on because it provided a convenient volume to 
sampling. The 20 ml sample contained an appreciable amount of oil for the analysis 
later on. After 20 ml was chosen as the appropriate sample volume based on the 
lowest condensate flow rate of 2ml/min it was adopted as the standard in all the other 
batches o f Artemisia. 15ml samples were used for lavender oil. The same measure 
was used throughout the experiments, using a set of graduated sample bottles.
3.4.2 The C leaning Process
Once the rig has been used for one batch of biomass it was cleaned before the next 
batch was run. The stainless steel retort was first brought out of the glass wall and 
then the biomass residue removed for disposal by a specialist waste collection 
company. The mesh screen and the container was rinsed with water and left to dry 
before using it again. It was important that it dried out before any new biomass 
charge is put in it. The drying was necessary because large water droplets on the 
container or on the biomass would create localized flooding thus a non-uniform flow 
of steam around it. The closure was replaced without the stainless steel retort and the 
whole unit was steamed.
In the absence of biomass charge the steam was used to clean away all the residual oil 
on equipment surfaces. The first 50ml of this steaming or cleaning condensate were 
collected and analyzed in order to determine losses of oil due to it sticking to surfaces. 
The condenser cooling water temperature was raised to a temperature of 95°C in order 
to make sure that all the surfaces were hot enough to have been thoroughly cleaned.
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After the first 50ml of the cleaning condensate was collected, negligible oil if any 
remained in the tubes. This was proved by samples, which were analyzed on a GC, 
which did not indicate any presence of oil. After the cleaning the equipment was 
ready for use again.
3.5 Analytical Equipment
The analysis of essential oil was carried out on a Perkin Elmer Autosytem Gas 
Chromatograph. This instrument is interlinked with a PE Nelson 1020 personal 
integrator and an Epson RX-80 printer. The GC uses a BP20 wide bore capillary 
column. SGE Chromatography Products supplied the column. The column had the 
following specifications; 0.53mm internal diameter, 30m long and 1pm film 
thickness. The BP20 stationary phase is polyethylene glycol:
-[-CH2-CH2-0-]-n
This column phase was chosen because BP20 is highly recommended phase for use to 
analyze essential oils among other chemicals, SGE (1998).
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Oven
Injector Detector
Pressure regulator
Chromatogram
Carrier Gas 
Cylinder Integrator
Fig 3.5.2 Typical Gas Chromatography
3.6 Materials
All the chemicals used in the GC analysis, except myrcene, were analytical grade 
standards in addition to hexane, which was used as a solvent. These were used in the 
internal standardization method for the quantitative and qualitative determination of 
the main oil components. The choice of these standards was based on a selection of 
some of the components in the oil. These were major components in terms of mass or 
volume composition.
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3.6.1 Hexane
Hexane (98% pure) of hplc grade (supplied by Sigma Aldrich chemicals) was used as 
a solvent. It was used to prepare samples for GC analysis. The choice of hexane as a 
solvent is due to the fact that most essential oil components and their derivatives are 
very soluble in it. As a volatile compound hexane is very amenable to analysis by GC 
and so were all the compounds that rapidly dissolve in it. It also separates from water 
quickly.
3.6.2 Camphor
Analytical grade Camphor (supplied by Sigma Aldrich) was used to identify this 
particular component in the artemisia oil. It has a purity of 99%. The empirical 
chemical formula is CioHiôO and the formula weight is 152.24. It is a typical cyclic 
oxygenated monoterpenoid. The internal standard was prepared by dissolving O.OOlg 
in 0.25ml of hexane. It was again used to prepare a standard calibration curve by 
preparing solutions of 0.04g/ml, 0.02g/ml, O.Olg/ml and 0.005g/ml in hexane.
3.6.3 Germacrone
A solution of germacrone (Fluka Chemica 48820) of purity 98% was prepared into 
solution by dissolving in Artemisia  oil in hexane solution. That became the internally 
standardised solution. The chemical formula is C10H22O with a FW of 218.34. It is a 
ketone. It was prepared by dissolving 0.0005g in 0.25ml base oil (oil in hexane 
solution). This is a 2000-ppm solution. The standard solution was used to identify 
germacrone in artemisia oil.
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3.6.4 Borneo]
Borneol (Fluka Chemica 15598) was used as an internal standard. It had a purity of 
99% and the empirical formula CioHigO. The formula weight is 154.25. It is an 
alcohol. It was prepared as a 2000-ppm solution in 0.25ml base oil. The borneol 
standard solution was used for qualitative analysis of borneol in lavender oil.
3.6.5 Cineol
1,8-Cineol (Aldrich C80601), also called eucalyptol of purity 99% by volume was 
used as an internal standard. It has a formula weight of 154.25. The chemical 
formula is CioHigO. It was prepared as a 16% solution in 0.25ml of base oil in hexane 
solution. It was used for qualiaitive identification of cineol in lavender oil.
3.6.6 Myrcene
Myrcene (Aldrich MIO,000-5) of 50% purity was used as an internal standard for the 
qualitative analysis of its presence in the oil. It was prepared as an 8% solution in 
0.25ml of hexane. It has a chemical formula of C iqH iô and FW of 136.24. It a 
monoterpene. It is also called 1,1 -Dimethyl-1,5,6-triene, a hydrocarbon. The 
myrcene standard solution was used to identify myrcene in lavender oil.
3.6.7 a-pinene
Analytical grade a-pinene (Fluka Chemica P45702) of 98% purity (by gas 
chromatography) was prepared as 20% solution in hexane and the solution used to 
spike sample solutions in order to identify it in both artemisia and lavender oil.
94
Chapter 3: Experimental Work
3.6.8 a-terpineol
A 20% (m/v, as g/ml) solution of the compound (Fluka Chemica 22319-0), 90% 
purity (GC) was prepared in hexane solution and used to internally standardize the 
Artemisia annua and lavender oil except myrcene samples. This was a qualitative 
analysis of both the artemisia and lavender oils for the determination and 
identification of the presence of a-terpineol in the oils and in wastewaters.
3.6.9 Linalool
Linalool, (Aldrich L260-2) of 97% purity by GC was used to prepare calibration 
curve standards and its identification in lavender oil by internal standardization. FW  is 
154.25 and bp of 220°C.
3.7 Oil Analysis : Experimental Procedure
The samples obtained from the distillation rig were of oil/water suspension. The 20ml 
samples of Artemisia annua oil condensate and 15ml samples of lavender oil 
condensate were left to stand so that all the oil would coalesce and settle at the 
aqueous interface or on the walls of glass bottle walls. After standing for at least two 
hours the first of the two samples was taken. This was the aqueous sample that 
involved sampling the water from below the surface of the sample bottles. This 
sample was analyzed for water-soluble components of the oil. The water samples 
were labeled and transferred into a 2ml vial and analyzed using the GC. Each 20ml 
sample from the distillation rig had such a sample prepared for GC analysis.
95
Chapter 3: Experimental Work
The oils were extracted from the oil/water suspension using hexane. Hexane 
extraction was used because the last samples would have very little oil, which was 
difficult to separate from the water for preparation and analysis on the GC. The 20 
and 15 ml samples comprised both oil (on the top) and water. Each of the 20ml and 
15ml samples had the oil extracted using 1ml of analytical grade hexane. Each one 
was again transferred into a 2ml vial and placed on the GC for analysis. All samples 
were prepared in a fume cupboard because hexane is carcinogenic and has to be 
handled with care.
In order to determine the elution times of all the components in the Artemisia annua 
and lavender essential oil, preliminary test runs were done prior to the main analysis. 
This was done in order to determine the retention time (elution time) of the last eluent. 
It was established after trying Ihr, 30 minutes and 20 minutes that each sample could 
be analyzed in 20 minutes. Beyond that time, no more elution occurs.
In addition to being influenced by chemical properties the retention time (RT) of a 
component depends on other physical properties such as length of column and carrier 
gas linear velocity.
3.7.1 Gas Chromatography - Temperature Programming Method
Essential oil samples contain a large number of components. If the column 
temperature is set low the least adsorptive and most volatile components for any given 
oil-column system often called early eluters, can be separated. Conversely, if the 
temperature is set too high in order to speed up the analysis, very often the early 
eluters are seldom separated. A way around this problem is to set an initial low 
temperature, which gradually rises to a maximum column temperature. The lower
96
Chapter 3; Experimental Work
temperature provides the condition that will allow the separation of the most volatile 
components while the high temperatures will allow the separation of the high-boiling 
point components. This approach is what is commonly referred to as temperature 
programming.
This technique was adopted in this work. The method used to analyze the samples of 
both lavender and Artemisia annua oil involved one temperature ramp. The method 
had the temperature rising from an initial column temperature of 75°C to 200°C.
The GC used a flame ionization detector with hydrogen as a fuel, air as a source of 
oxygen and helium as carrier gas. The line pressures for these gases were 42 psi, 42 
psi and 90 psi respectively. Column carrier gas pressure was 16.5 psi. One method 
was used for all the sample analysis. It was a single temperature ramp programme. 
The method was programmed as follows:
Injector temperature at 200^C 
Oven temperature 1 at 75°C, time 1 at 2 minutes 
Oven temperature 2 at 200°C, time 2 at 2 minutes 
Detector temperature at 240°C and 
Oven rate at 10 °C/min.
3.7.2 Detector Selection
The Perkin Elmer Autosystem GC was equipped with two types of detectors, a 
thermal conductivity detector (TCD) and a flame ionization detector (FID). The FID 
was used. The advantage of the FID is its high sensitivity with a lower limit detection 
of 10 grams as opposed to TCD ’s 10'^ grams. It is also not applicable (not 
sensitive) to inorganics and therefore, for the water samples, the water mass would not 
affect the quantification of the water-soluble organics.
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T able 3.1 Summary of GC Operating Conditions
Specifications
Column • 30 metres long, 0.53 mm ID
• polyethylene glycol (BP 20) stationary phase, 1pm 
film thickness
Oven temperature »75"C to 200"C at 10"C/min 
• Run time = 20 min
Injector temperature .  200"C
Detector temperature .  240”C
Gases • He = 7ml.min
• H = 40 -  45ml/min
• Air = 400 -450m l/m in
FID settings • Attenuation = 16
• range = 1
Gas Pressure in Cylinders • He (carrier gas) = 90 psi
• Hydrogen (fuel) = 42 psi
• Air (oxygen source) = 42 psi
Auto-zero value • 0.9mV
Injection volumes • 0.5pL
Wash • 3
Carrier Gas pressure •16.5 psi
Equilibration time • 2 minutes
Number of injections • 4 per vial
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3.8 Preparation of Calibration Curves
The amount of a substance in the oil sample was produced on the chromatograms as 
area under a peak. The area is dimensionless. The concentration of each component 
was produced as a percentage of the total organics, and this included that due to the 
solvent. The area due to the solvent was subtracted from the total in calculations to 
determine the area due to the oil components and that due the major component that 
was used in each case.
In the case o f Artemisia annua oil, the camphor standards were prepared by a dilution 
series. Initially a 0.04g/ml solution was prepared by dissolving camphor in hexane 
and made up to 10ml in a volumetric flask. A  sample was removed and labeled vial 1. 
Then 0.5ml was removed and topped to 1ml, which was then divided into equal 
halves with one used as a dilution and the other as vial number 2. The process was 
repeated for the other two vials, thus making 4 samples in all. The concentrations 
prepared for camphor were 0.04g/ml, 0.02g/ml, O.Olgml and 0.005g/ml.
A similar method was used for the preparation of linalool standards. Linalool was 
used to profile distillation of lavender oil. In this case the samples in the vials were of 
concentrations of 0.16g/ml, 0.12g/ml, 0.08g/ml and 0.04g/ml. Each of the two sets of 
4 samples was then run on a GC. The results were then used to develop the two 
calibrations for both lavender and Artemisia oil. The calibrations were in turn used to 
recalculate the distillation profiles of each type of oil in grams.
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3.9 Effect of Materials of Construction
Ten different extractions, five each o i Artemisia annua and lavender, were carried out 
to determine the effect of the materials of construction on the quality of oil. The 
metals that were used are stainless steel, mild steel, copper, brass, and aluminum. 
Samples of oil from each run were extracted in hexane and analyzed by GC [see 
Results].
3.10 Discussion on the methods used in the experimentation
The use of a principal component in the analysis of oil yield can be extended to other 
different oils. The profiling of the yield curve involved one standard in each case 
because it would have been prohibitively expensive to identify all the components in 
each type of oil. Each oil comprises tens of chemically different components whose 
standards (analytical grade compounds) are very expensive.
By using solvent (hexane) extracts of the oils to determine the yields, the need to 
collect and quantify by volume as is done in field distillations is eliminated. 
Quantifying yield by volume is never 100% effective due to losses due to adhesion on 
container walls. Using solvent extraction samples to profile the yield eliminates such 
loses in sample bottles due to a clear separation of the water and organic phases. The 
organic solution is representative of the oil. The oil in wastewater is also determined 
both qualitatively and quantitatively. In this experimentation the determination of oil 
in wastewater closes the material balance. In field distillations the interest is always 
on the oil fraction of the distillate, though there is some information on the quality of 
wastewater from essential oil distillation, Fleisher (1991), and even recovery of 
dissolved oils Kishore et al (1997).
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The differentiation of the oil distillation used in the experimental work gave a clear 
indication of the effect of the process variables on extraction rates. It was possible to 
see whether the compounds with a high solubility in water are those of economic 
value or not. This consideration (water solubility) was taken into account in selecting 
the standards, which were used in the experiments in addition to they being the major 
components in the oils.
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Chapter 4
Results
4.1 Introduction
The experimental results are presented in Section (4.7) below in two forms. These are as 
sample yield curves and cumulative yield curves. The cumulative yield curves were a 
summation of the individual sample yield readings. The main component in each case of 
lavender and artemisia oils was identified and its concentration evaluated in each sample of 
oil. Two raw materials were used for the study of the SDE extraction because each one 
represented the two main categories of essential oils with reference to the position of the oil 
glands in the plant. Artemisia oil glands exist deep inside plant cell walls, a type called 
subcutaneous oil and lavender oil glands exist on the surface a type called superficial oil. The 
difference in the location of the oil glands has a bearing on the extraction rates.
Gas chromatogram profiles are shown in Sections (4.10) and (4.11) below. Each peak 
represents the elution of one component except when co-elution took place. An example of 
two components that co-eluted are (limonene 4- 1,8-cineol) in lavender oil with a retention 
time of 2.66 minutes in the chromatograms shown in the GC profiles in Section (4.11) below. 
The quantification of gas chromatograph data can be done in two ways, either using the 
percentage peak height or percentage area under a peak. The area under the peak is better 
than peak height because generally most abundant components in a complex mixture produce 
the tallest peaks and largest area and that is proportional to the percentage composition of the 
components in the oil. The peak height alone can at times simply represents a high column 
resolution of the component producing that peak and not necessarily its high proportional
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composition in the mixture. The component with the largest area generally has the highest 
peak as well. The principal components selected in order to study the distillation had both the 
largest peak areas as well as the tallest peaks. The former is a better representation of the 
amount of sample present.
4.2 Error Analysis
Some statistical analyses were done to measure the degree of accuracy and precision of the 
readings that were taken in the experimental work. Such type of work as SDE research 
involved taking many readings: data measurements from raw material batch mass, oil and 
water sample volumes from the distillation rig and gas chromatography readings.
The data comprised three groups. These were condensate volumes from the extraction rig, 
concentration readings for the oil phase and thirdly concentration readings for the water- 
soluble components in the aqueous phase of the condensate. Due to the very large number of 
sample injections analysed the data was processed using spreadsheets to compute the 
statistical parameters such as standard deviation. Standard deviation is a measure of the 
precision of data, Skoog et al (2000).
The condensate samples had a mean volume of 22.1 ml for artemisia oil and 16.5 ml for 
lavender oil. They had a standard deviation of 3.281 and 3.0276 ml for artemisia and 
lavender oil samples respectively. The relative error was 10.5% and 10.% for artemisia 
samples and lavender samples respectively.
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Injection volumes into the GC were fixed on the auto-sampler at 0.5pL for both oil samples 
and aqueous samples. The GC data was divided into artemsia oil samples, lavender oil 
samples, water-soluble artemisia oil components and water-soluble lavender oil components. 
The mean standard deviation of the artemisia oil samples was 0.001 g/ml. The standard 
deviation of the lavender oil samples was 0.0008 g/ml.
The standard deviation of the principal component of the water-soluble component in 
artemisia aqueous fraction is 0.00004 g/ml. That for lavender aqueous fraction is 0.0003 
g/ml.
4.3 Particle Size Analysis
The results of the particle size analysis for both artemisia leaves and lavender flowers using a 
series of sieves as described in Chapter 3 is shown in Fig (4.3.1) and Fig (4.3.2) below.
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Fig 4.3.2 Lavender Particle Size Distribution
4.4 Calibration Curves for Artemisia and Lavender Oils
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Fig 4.4.1 Artemisia Oil Calibration Curve using Camphor as Standard
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Lavender Oil Calibration Curve
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Fig 4.4.2 Lavender Oil Calibration Curve using Linalool as Standard
4.5 Sample Yield Graphs
The general pattern of the sample yield curve is the same for both superficial and 
subcutaneous oil sources. Figures 4.5.1 and 4.5.2 are general forms of the plot for artemisia 
(subcutaneous oil source) and lavender (superficial oil source). Both superficial and 
subcutaneous essential oil graphs have a maximum oil extraction rate period followed by a 
gradually decreasing extraction rate period. However subcutaneous oil has low yield rate 
period preceding the fast extraction period.
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Fig 4.5.1 Artemisia oil sample yield graph
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Fig 4.5.2 Lavender oil, sample yield graph
A comparison of the two graphs shows some similarities. They both comprise the fast 
extraction rate phase and the slow distillation rate phase. The only difference is in the short­
lived early part where in the artemisia oil the system will be approaching the maximum oil 
concentration level. In lavender the maximum oil concentration level is quickly attained in 3 
minutes.
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4.6 Cumulative Yield Curves
The cumulative yield curves are derived from the same data that is used to produce the 
sample yield curves. Figures 4.6.1 and 4.6.2 show the representative cumulative yield curves 
for both artemisia (well defined S-shaped curve) and lavender oil. The lavender oil curve 
does not have a well defined S-shape because there is not much time between the slow 
extraction rate building up to the fast extraction period
Fig 4.6.1 Artemisia oil cumulative yield curve
3 0
Fig 4.6.2 Lavender oil cumulative yield curve
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4.7 Pairs of Sample and Cumulative Yield Graphs
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Fig 4.7.1a Sample yield graph of artemisia oil collected at 1 min interval
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Sam ple Yield Graph for Lavender Oil
0.8
0.6CD
0  0 .4
1  0.2
0 1 1_2 2 3 3 4 4 5 5  6 6  7 7 8 8_9 9 J 0  1 0 J 1  11 12 12 13
time (min)
Fig 4.7.4a Sample yield graph of lavender oil collected at 1 min interval
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Lavender Oil sam ple Yield Graph
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Fig 4.7.7a Sample yield graph of artemisia oil collected at 4 min interval
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Fig 4.7.7b Cumulative yield curve of artemisia oil collected at 4 min interval
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4.8 Effect of Steam Residence Time in Packed Bed
Effect of steam residence time in packed bed
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Fig 4.8.1 Effect of 2, 4, 15 sec steam residence time on extraction of Artemisia oil
Effect of steam residence time in packed bed
0.07
CD 0.06 -.
"O 0.05 .
0.04
C03.
0.02  -,
0.01 1-4 :^
Sample number
Fig 4.8.2 Effect of 5, 12, 30 sec steam residence time on extraction of Artemisia oil
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4.9 Superimposed Yield Curves
In order to show the relationship between sample yield graphs whose integration produced 
the cumulative yield curves, the former (sample yield curves) were superimposed on the later. 
This was done by multiplying the sample yield values by a dimensionless factor, F, derived as
F = Total oil yield (grams)/one of the maximum sample yield readings (grams) (4.9.1)
Two sets of such graphs were produced for both Artemisia annua and Lavender oils at three 
different experimental conditions for each set. The variable parameter was steam volumetric 
flow rate and all the other conditions were kept constant
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Fig 4.9.1 Superimposed yield curves of artemisia oil sampled at 1-min interval
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4.10 Determination of Water Soluble Components
The biggest loss of components of flavour and fragrance value in SDE is in the distillation 
water. Most of the organoleptically important components in essential oils dissolve in the 
water which forms part of the condensate. These were analysed using the same temperature 
programme and method on the GC.
4.10.1 Artemisia Oil Water-soluble Components
An average of 30 components was found to be water-soluble. The largest component in 
water was camphor making 52,30% of the organic solutes by mass. The bulky of the solutes 
in water were polar compounds. The polar compounds together with camphor made up about 
50% of the water-soluble components. The difference is made up by the other unidentified 
components.
Table 4.1 Some major water-soluble components in artemisia oil
Retention Time (min) Percentage (%) Name Concentration as 
camphor (ppm)
1.8 1.03 1,8-Cineol 14.6
5.7 5 230 Camphor 76
8.2 2.70 a-terpineol 9.50
14.4 0.50 germacrone trace
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4.10.2 Lavender Oil W ater-soluble Components
A maximum of 41 compounds was water-soluble in water. The highest solute content in 
water was made up by linalool, which comprised 38% of the organics by mass. The polar 
compounds plus the unidentified component in Table 4.8.2.1 made up more than 65% of the 
water-soluble components. Trace non-polar and other unidentified polar components made 
up the difference.
Table 4.2 Some major water-soluble components in lavender oil
Retention Time (min) Percentage (%) Name Concentration as 
linalool (ppm)
1.9 5 3 0 1,8-Cineol/Limonene 14.20
8.1 37^W Linalool 80
9.1 5.00 unidentified 11.20
11.376 12.00 unidentified 40
The compounds that have been identified in both oil and aqueous fractions according to their 
retention times (in brackets) for artemisia oil and aqueous samples are 1,8-cineol (1.8), 
camphor (5.6), a-terpineol (8.2) and germacrone (14.439). In lavender oil and aqueous 
samples are myrcene (1.7), 1,8-cineol/limonene (1.8), linalool (8.1), and a-terpineol (9.1).
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Fig 4.10.1 Gas chromatogram of water-soluble artemisia oil components.
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Fig 4.10.2 Gas chromatogram of water-soluble lavender oil components
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4.11 Effect of Construction Materials on Quality of Product
The effect o f different metals used in the construction o f  steam distillation plants was studied 
by comparing the GC profiles o f the essential oils distilled in extractors made from different 
metals. The profiles looked very similar and the principal components were present in 
similar proportions in all the oils. Commercial lavender in Figure (4.11.11) has a profile 
similar to that given in results.
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Fig 4.11.1 Chromatogram of artemisia oil extracted In mild steel.
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Fig 4.11.2 Gas Chromatogram of artemisia oil extracted in stainless steel
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Fig 4.11.3 Gas Chromatogram of artemisia oil extracted in copper
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Fig 4.11.4 Gas Chromatogram of artemisia oil extracted in brass
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Fig 4.11.6 Gas Chromatogram of lavender oil extracted in stainless steel
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Fig 4.11.8 Gas Chromatogram of lavender oil extracted in copper
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Fig 4.11.9 Gas Chromatogram of lavender oil extracted in brass
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Fig 4.11.10 Gas Chromatogram of lavender oil extracted in aluminium
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Fig 4.11.11 Gas Chromatogram of commercial lavender oil
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Chapter 5
Discussion
5.1 Experimental Method
The method used to study the mass and energy transfer mechanisms that underline the SDE 
process was based on identifying and quantifying the principal component of each type of oil 
during the entire distillation period. In both types of oil i.e. artemisia oil and lavender oil 
there were well-defined principle components. These were camphor and linalool 
respectively. The advantages of the method used to study steam distillation is that any 
qualitatively identifiable principal component can be used, by quantifying the constituent in 
each sample (sample yield curves), to study the distillation process. The only conditions that 
had to be met was that the principal component had to be present in all the samples as the 
major component. This was the case in both types of oil sources used in the experimental 
work.
Most essential oils, although they are a complex mixture of different compounds comprise 
one predominant compound (component), Williams (1996). Examples can be shown by such 
essential oils as those whose chromatograms are shown in Figs (5.1.1) to (5.1.4) below.
138
Chapters: D iscussion
(1). Fig (5.1.1) shows lavender oil resolved on a column with Cydex-B-0 as the stationary 
phase. The.principal component in that sample just like the one used in the experimentation, 
is linalool (see chromatogram). The BP20 column has a higher resolution (97 peaks for 
lavender oil and 78 for artemisia oil) than Cydex-B-0, according to the number o f  peaks in 
the two profiles i.e. Figs (5.1.1) and (5.1.6). The highly resolved peak to the left is due to 
solvent.
LAVENDER OIL
Phase: CYDEX-B-OJîSjim film
Column: 50m x  OJKZmm ID
Initial Temp: Isothermal at 90*0
Detector: FID
Sensitivity; 3 2 x 1 0 - '^  AFS
Injection Mode: Split
1. (+) Linalool
2. (•) Linalool
Part No. 054901
L v , . tLill.
Sam ple A*
Sam ple B
minutes
Fig 5.1.1 Gas chromatogram o f lavender showing linalool as principal com ponent, 
SGE catalogue.
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(2). Fig (5.1.2) clove bud oil showing peak number 1 (eugenol) as the principal component.
JL-JL _JU
i
Fig 5.1.2 Gas chromatogram of clove bud oil
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(3). Fig (5.1.3) geranium oil with peak number 6 (citronellol) as the principal component.
d"
PJW m pj
S.13-
Fig 5.1.3 Gas chromatogram of geranium oil
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(4). Fig (5.1.4) for lemon oil showing peak number 6, a mixture of (limonene + 1,8-cineol)
the principal component.
as
PJ 14]
S.<V
s.l>i
S.l>
S.13-
Fig 5.1.4 Gas chromatogram of lemon oil
In the experimental work whose results are given in Chapter 4 , the GO profile o f  artemisia oil 
(obtained from East Africa) is given in Fig (5.1.5). In that profile camphor is the principle
1 4 0
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component. Its elution time is around 5.1 minutes. The other major components were 
limonene + 1,8-cineol with an elution time o f around 2.1 minutes and a-terpineol with an 
elution time of around 8.2 minutes. Fig (5.1.6) is lavender oil whose principal components 
were linalool (elution time around 8.6 minutes), ocimene (elution time around 2.2  minutes) 
and an unidentified component (elution time around 11.6 minutes).
(5). Fig 5.1.5 is a chromatogram of artemisia oil showing a principal peak due to camphor 
which constitued the largest proportion of the maximum 78 peaks resolved.
SO, o
0.0
Fig 5.1.5 Gas chromatogram of artemisia oil.
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(6). Fig 5.1.6 is a profile o f lavender which showed a maximum of 97 peaks with linalool as 
the principal component and an unidentified component eluting at around 11.2 minutes. All 
sample chromatograms have a highly resolved peak to the left o f the chromatogram, which is 
due to hexane used as solvent in sample preparation.
Fig 5.1.6 Gas chromatogram o f  lavender oil
Quantifying the recovery o f principal components during distillation, where such principal or 
one of the principal components is o f  commercial value has the advantage of producing yield
144
Chapter 5: Discussion
information on the important component(s) of the essential oil. This was the case in both 
cases where camphor is a valued component in pharmaceutical preparations and linalool is a 
top note in the fragrance industry. By studying the distillation using Simpson’s rule the 
cumulative yield curve was broken down into sample yield curves which provided very 
important information on how the recovery progresses from start to end (see Fig 5.2.1). The 
sample yield curves indicate that there are 2 (3 for artemisia) extraction phases during 
distillation, which are the fast and the slow phases.
Table 5.1 Other examples of essential oils with identifiable principal components, 
Lawless (1992)
Source Principal constituent
Eucalyptus 1.8-cineol
Begarmot linalyl acetate
Basil methyl chavicol
Rose citronellol
Thyme carcacrol
5.2 Steam Distillation - Yield Curves
The yield graphs were produced in two forms. The two forms were sample yield graphs and 
cumulative yield curves. In the results section the relationship between the two types of 
graphs is shown in the superimposed curves. The superimposed sample extraction curves on 
the cumulative curves show the fast and slow extraction sections on either plot. The 
similarity or uniform concentration of oil in the maximum concentration samples is not very
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clear on the cumulative curve. This makes the division of the extraction rates into slow and 
fast not so obvious or conspicuous. The sample yield curves were multiplied by a factor, F. 
The factors were worked out by dividing the total oil content in each batch by one of the 
maximum oil concentration samples.
However the graphical illustration does not show the mathematical relationship clearly. This 
mathematical relationship between the two types of graphs can be summarised as in Fig 
(5.2.1) and Equation (5.2.1) below. A  mathematical model that simulates cumulative yield 
curves could be developed to study the effect of variation of the process parameters on 
distillation.
F(x)
f(x)
Time or condensate volume Time or condensate volume
Fig 5.2.1 Sam ple and  cum ulative yield g raphs
The two types of graphs are related by the expression 
F(x) = J f(x) (5.2.1)
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5.3 Effect of Other Process Variables
The effect of bed height, h^ , in SDE extraction has been studied, and in some cases an attempt 
by some researchers, to develop abstract equations for the determination of the optimum bed 
height, Denny (1990). The importance of the effect of bed height in SDE is clear if  it is 
viewed together with other process variables such as steam flow rate, bed void fraction, 
temperature and pressure. However there are in practice many ways bed height could be 
modified in order to get certain conditions. One example is to increase the effect of the bed 
height by reducing the steaming rates. This leads directly to the important consideration that 
should be taken into account when considering the effect of some of these parameters. [See 
Chapter 4]. The consideration is that a parameter such as the effect of bed height should be 
considered together with effect of variation of steam flow rate. It is these two parameters, 
considering the best particle size has been evaluated and optimal insulation is in place, that 
are most important in SDE extraction.
As an example two hypothetical situations should be considered. First a situation where there 
is a short bed for a given steam flow rate. Oil transfer from vegetable material is affected by 
the steam residence time. Small bed with large steaming rates will mean short steam 
residence time in the packed bed and the result is a rapidly exhausted biomass, which means 
the condensate so produced will be thin in oil content (low oil concentration). The conclusion 
to be drawn from such a situation is that there is use of more than necessary high steaming 
rates. The second situation will be a large bed height for a fixed steaming rate. The result 
will be very rich and protracted maximum oil concentration period in the sample yield curve. 
The oil concentration decay period would equally be long. The product will be very rich 
(high oil concentration in the condensate). The conclusion to be drawn from such a set up is
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that there is an unnecessarily large bed and long batch and uneconomic cycle times. In this 
case the steam residence time is very high such that steam gets saturated or approaches 
saturation with oil at some point along the bed providing heat loss is not too high to cause 
total reflux of vapour as condensate in packed bed. [See Fig 2.10.1].
0.9
0.7
Sample number
Fig 5.3.1 Effect of steam residence time on lavender oil recovery
0.6
0 .4
0.3
50 100 15 0  2 0 0
co n d e n sa te  vo lum e (ml)
2 5 0 3 0 0
Fig 5.3.2 Effect of steam flow rate on artemisia oil recovery
The theoretically optimum height of packed bed for any distillation can be determined for a 
fixed set of conditions as that which when the steam/oil mixture breaks through the last 
volume element at the top of the bed, can still vapourise some oil from the biomass in that 
section. Such a bed configuration thus determines the most optimal bed height for given 
operating conditions such as steam flow rate, porosity, temperature and pressure. Such an
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“optimum” bed height can be determined by a reasonably long period with maximum oil 
concentration (steady state) on the sample yield curve such as the one in Fig 5.3.1. This is 
practically possible as shown by the example in Fig 5.3.2 (artemisia oil graphs with different 
steam flow rates, Q^ . In practice the optimum number of plates in a bed for a fixed set of 
conditions is determined by inclusion, in addition to technical factors, of other factors such as 
process economics for example the market i.e. product quality requirement and price.
A short bed height is signified by continually decreasing oil concentration in each successive 
sample. The other possibility is numerous low yield maximum concentration samples. That 
means the oil recovery efficiency drops. Too long and too high maximum concentration per 
sample signals too large a bed. The maximum amount of oil concentration in the vapour for 
set of conditions is determined by the equilibrium relationship of oil between solid and 
vapour phases. When equilibrium condition is reached all the elements of volume above that 
section are not extracted from until the lower part is depleted, as the steam coming from 
below would be saturated with oil. The new energy coming will be for transport of the 
already isolated oil on the surface of solid particles. The optimum bed height can be 
determined by experimentation. The experimental tests require that one process variable is 
changed at a time while the rest are kept constant. The variables that can be altered assuming 
isothermal and isobaric conditions are packing density steam flow-rate, bed height and at 
times steam quality. These will then affect residence time and bed porosity and ultimately the 
oil concentration in each sample. Based on Figures (4.8.6), (4.8.7) and (5.3.2), it can 
generally be concluded that the lowest steam flow rates are the most efficient all other things 
being equal.
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The sample yield graphs of subcutaneous oils can be divided into three sections. These 
sections are the first slow isolation rate. During this period the rate limiting process is the 
diffusion rate of oil from within the vegetable matrices to the surfaces of the biomass 
particles. Then there is the fast extraction rate, which is dependent on the equilibrium of the 
oil between the solid and vapour phases. This is the period when most of the distillation 
takes place. Then at the end is the slow distillation period. The resistance to diffusion of the 
oil inside solid particles governs this period. The increasingly slow isolation rate is due to 
depletion of oil in the biomass.
Each source of essential oil will have specific process conditions that will have to be 
determined experimentally. This is due to the fact that different essential oils are produced 
in different plants with different cell structures. Even in cases where the same plant has 
essential oils in different parts, the cell structures of those different sections of the plant are 
different, necessitating special preparation prior to distillation. Another important 
consideration is the amount of oil per mass of vegetable material. Differences in oil content 
can arise in raw materials due to differences in cultivar and agronomy. However general 
processing guidelines can be developed based on similar factors such as cultivar for oil 
sources such as for example Eculayptus globulus, Artemisia annua, Lavendula angustifolia 
even though they may have different agronomy
Steam is one of the important materials used in SDE extraction. Steam can have different 
qualities that are determined by heat content and degree of moisture content. It is very 
tempting to think that superheated steam would work better than saturated steam because it
150
Chapter 5: Discussion
has superheat which will give higher heating capacity. It should be possible to use superheat 
in very special cases. Probably cases where the material to be processed using superheated 
steam is where raw material has been standing in the rain and is wet. The fact that 
superheated steam has a tendency to extract water first in order to attain wet and then 
saturated condition means that given the conditions in packed beds it will behave as such and 
not isolate the oil first. The fact that oil components generally have higher boiling points than 
water makes it even worse. The other reason why it is not appropriate is the fact that 
isolation of oils is made possible by development of liquid condensate which may not form 
under the conditions at which superheated steam is likely to exist. Finally the superheat 
would destroy the thermally labile components.
5.4 Process Design Considerations
In order to drive steam distillation process, heat transfer has to take place all the time up to 
the stage when there is no more oil to be isolated. The heat transfer can only take place down 
a temperature gradient. The heat conduction towards the core of the solid particles and the 
absorption of the enthalpy of vaporisation drives the distillation process. For a given fixed 
set of conditions the continued or gradual reduction in steam flow rates results in the most 
efficient recovery [see section 6.2]. However there is a limit to which this reduction can be 
done below which the pressure drop across the bed is too large to have vapour transport 
towards the condenser.
The variable that determines this limit in addition to heat transfer from steam to solid in 
packed bed is heat loss to the environment. That is the reason why length-to-diameter ratio of 
extractor and insulation of hot process lines is of critical importance to SDE. The other design
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adapted in this study involved the use of a steam jacket to assist with reducing heat loss from 
the still, Schulz et al (1996). Fig 5.4.1 comprises a mineral wool insulation on the outside of 
the cylindrical glass wall, next is steam jacket insulation between the glass wall and the metal 
extractor and finally the packed biomass bed in the centre, coloured in grey.
Packed bed
Steam jacket
Mineral wool 
insulation
Incoming steam
Fig 5.4.1 Steam jacket and insulation around the extractor
The steam jacket provides the heat that is lost to the environment thus maintaining the packed 
bed as an isothermal and isobaric system. Steam distillation plants in operation today do not 
include the steam jacket as additional insulation material and therefore should incur more 
unstable bed conditions than that in Fig (6.4.1). High heat losses and unstable packed bed 
conditions create uneven steam How in the packed bed thus reducing the oil distillation rate.
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5.5 Loss of Polar Components in Water
Some essential oil components dissolve in water. Non polar monoterpenes, are hydrocarbons 
and are the least soluble of all the components. The modification of distillation process to 
include cohobation was used as a means of recovery of these soluble chemicals. The 
components of primary interest to the fragrance and flavour industry, the main users of 
essential oils are the oxygenated components, which by virtue of them containing oxygen in 
their molecules are the most water-soluble. The results of the solubility of the artemisia oil 
show that camphor which has an oxygen atom in the molecule together with the alcohol 
terpinen-4-ol are the two most soluble components. They make the largest proportion in 
water solution. Camphor loss in water is of economic significance since it is a very important 
chemical in pharmaceutical preparations. Similarly the biological activity of essential oils 
against microbes is attributed to the presence of alcoholic compounds. And this is not helped 
by loss of terpinen-4-ol.
Table 5.2 Some Water-soluble Components of Basil o i l , Pangarkar et al (1997)
Compound Concentration (ppm)
1, 8- Cineole 14.59
Cis-3-Hexanol 11.50
3-Octanol 46.8
Linalool 704
Methyl chavicol 418
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The profiles of the water-soluble components shown in Figure (5.5.1) and Figure (5.5.2) are 
for artemisia and lavender distillation waters respectively. The total areas under the peaks in 
each chromatogram are 97.48 Exp. 5 for lavender distillation water and 92.33 Exp. 5 for 
artemisia distillation water. The total height of the peaks is 130 for lavender distillation water 
and 128 for artemisia distillation water. The corresponding areas and heights are very close 
to each other in magnitude. This could suggest that the solubility of water-soluble 
components in water approach saturation around concentration represented by those values of 
area and height. The use of excessive steam during distillation will result in more of the 
water-soluble components being lost in the aromatic wastewater.
Table 5.3 Some water-soluble components of Mentha arvensis oil, Pangakar et al (1997)
Compound Concentration (ppm)
Limonene Trace
1,8-Cineol 15
Menthone 284
Methyl acetate 94
1-menthol 689
There is a very close similarity in the results of the concentration of compounds such as 1,8- 
cineol that was reported in the work by Panagarkar et al (1997) and that given in the Chapter 
4, Results, Section (4.10). Based on the two sets of results the solubility of 1,8-cineol is 
around 15 ppm. In the results given in Table (4.10.2.1) 1,8-cineol is given together with 
limonene but based on the results in Table (5.2) above the fraction made up of limonene
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should be very small. This is due to the fact that limonene being a hydrocarbon has very low 
solubility in water, thus the trace concentration in distillation waters recorded in Table (5.2) 
above. This is also reflected in the distillation water profiles (chromatograms) where the 
hydrocarbons being very volatile have the lowest elution time and appear more to the right 
hand side of the chromatogram. Figure (5.5.1) and (5.5.2) below show very small and few 
peaks eluted below 1.8 minutes, that is characteristic of the hydrocarbon terpenes. Some of 
those peaks could be due to decomposition products. The concentration of the hydrocarbons 
in water is very low.
The polar compounds such as linalool and camphor, 1,8-cineol, a-terpineol and 3-octanol 
form the bulk of the organics that are water-soluble. The loss of the water-soluble polar 
components alters the smell characteristic of any oil. The smell of oil though it may be due to 
one predominant component, is a result of the combined effect of all the components. As one 
or more components are lost in water so are their overall effect on the smell of the oil.
The dissolution of oxygenated components and all the other chemical substances can be 
controlled by minimising the volume of the water as steam going through the packed bed 
during distillation. This can be achieved by keeping the partial pressure of steam as low as 
possible. The more the steam per given time passing through the packed bed the more solutes 
it will dissolve as condensate. The converse is true. So it is imperative that condensate is as 
rich as possible in oil i.e. oil/ water ratio is very high in order to minimise the solvent volume 
and consequently the dissolution in water thus maximising the oil yield.
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Based on the data in Tables (4.10.1.1) and (4.10.2.1) it is evident that the highest volumetric 
flow rate of steam results in greater loss of oil components in water. The experimental 
approach used to determine the optimum steaming rates result in sample yield curves which 
gives the highest oil content possible in condensate during the steady state period. However 
for every batch this equilibrium is disturbed during the slow extraction rate period when the 
oil/water ratio of the condensate falls continuously with time due to exhaustion of oil in the 
raw material. This is made worse if the fast extraction period was made up of (relatively 
lower) not so high oil/water condensate.
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Fig 5.5.2 Gas Chromatogram o f  lavender distillation water
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5.6 Distillation Optimisation
According to the results in Chapter 4, there should be a minimum steam flow rate for a given 
packed bed mass of raw material at which oil distillation rate is optimum with minimum 
losses in aromatic wastewater. According to the results it is possible to experimentally 
determine such operating conditions. If the model is successfully scaled up, it will result in a 
systematic development or determination of the optimum operating conditions, which can 
then be used as general guidelines.
5.7 Particle Size
The particle size distribution of Artemisia annua is a binomial or normal distribution graph. 
These results are what would generally be expected in such analysis. However those of 
Lavandula angustifolia flowers are not exactly of the same normal distribution curve. [See 
Figs (4.3.1) and (4.3.2)]. On the left hand side of the lavender particles bar graph are two 
distinct size ranges of particles. These are due to the stalks on which the flower calyxes are 
held. The bigger size range of the two is due to stalks with some flower calyxes. The second, 
smaller size is due to stalks without calyxes attached to them. Then there is a general 
binomial curve to the right of the two unusual sizes, due to the calyxes unattached to stalks.
Plate (2.5.3.1) in Chapter 2 shows a picture of the camphor (comprising mainly 1,8-cineol 
and safrol) tree from which camphor is distilled. The leaves are thick with a very shiny 
cuticle. In order to speed up distillation such type of material has to be ground to an 
appropriate size before extraction can be done.
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Particle size range affects the transport pattern in packed beds in many ways. The presence of 
too large particles compared with the average size can create some zones in the bed that are 
more loosely packed compared to the rest of the bed. These areas will be weak regions 
through which steam preferentially passes. This phenomenon is called channelling and 
causes the distribution of the flow of steam in the bed to be uneven. More tightly packed 
zones than other zones in the packed bed can result in reduced steam flow through such 
regions causing the development of what is referred to as cold zones. Extraction from such 
regions is reduced. Wall effect i.e. the tendency of the extractor wall to form uneven zone 
thus cause uneven steam flow through packed bed is important in small extractors and not so 
much in large industrial scale plants. It is important that particles do not have a very wide 
range of size in order to get a uniform packed bed.
5.8 Effect of Materials of Construction
There were some noticeable effects of materials of construction on the quality of the oil. In 
the chromatograms in Figures (4.11.1) to (4.11.10) there is change or differences in the 
proportions of the components such as cineol in lavender oil. In the case of the commercially 
important linalool in lavender and camphor in artemisia their proportional content was very 
much the same in the samples from different metals. These variations for selected 
components are shown below in Tables (5.8.1) and (5.8.2) for artemisia oil and lavender oil 
respectively.
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Table 5.4 Effect of construction material on yield of selected components in artemisia 
oil, relative to oil distilled in stainless steel.
Component mild steel copper brass aluminium
Camphor equal equal less equal
1,8 cineol +limonene less equal less equal
a-terpineol less more less equal
Germacrone equal more less more
unidentified (RT =11.3  min) equal more less equal
Table 5.5 Effect of construction material on yield of selected components in lavender oil, 
relative to oil distilled in stainless steel.
Component mild steel copper brass aluminium
Linalool equal equal less equal or more
a-terpineol equal more less equal
Myrcene equal less less more
1,8 cineol + limonene less equal less more
unidentified (RT = 11.6 min) equal more equal more
The variation in some of the minor components due to different extractor metal used could 
have important implications in some application of the oil where such use depends on the 
proportion of those components. Therefore, there is need to study in greater detail the effect 
of materials of construction of stills on the efficacy or suitability of oils in certain
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applications. Based on the information in Tables 5.8.1 and 5.8.2, brass and mild steel would 
be the least likely materials to be used to construct distillation stills. The best materials 
would be copper, stainless steel and aluminium. However, for the distillation of lavender oil, 
mild steel does not show reduction in yield of most of the selected components and could be 
used if construction costs are to be kept low.
5.9 Future Prospects
The future growth in the market of essential oils will be dictated by trends such as 
continuously increasing demand for freshness, convenience, dietetic needs, ethnic foods, and 
organic food, Simon (1990), Schlosser (2000). New opportunities also depend on new 
product development by the soft drinks industry. It is of interest to realise that it is this 
craving for new foodstuffs and even additives that has given rise to new market demand for 
products such as paprika extract. Paprika extract is widely used as in modern food additive 
where it confers flavour and colour. It has rapidly replaced purely synthetic dyes. The 
substitution has been driven by new discoveries that the synthetic equivalents may not be as 
safe as was previously thought. The paprika production is an industry that now forms a very 
dominant fraction of Zimbabwe’s horticultural industry with annual sales value of US$18m 
during the 1997 to 1998 season, Reuters (1998). While it is alleged that at this value the 
industry has levelled it has been growing steadily since the early 90s. This is a very clear 
example of a successful entry and growth of a new product and player into the natural 
flavours industry. This can happen with other new products such as essential oils as long as 
better process methods are developed to optimise production of these low yield products. 
The future growth will be driven as described in Section 2.6.5 paragraph 6.
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The food industry provides the vehicle for growth for essential oils and their valuable 
derivatives in future. A  typical strawberry flavour, such as that found in Burger King 
Strawberry milkshake contains 41 chemicals. The compounds are amyl acetate, amyl 
butyrate, amyl valerate anethol, anisyl formate, benzyl acetate, benzyl isobutyrate, butyric 
acid, cinnamyl isobutyrate, cinamyl valerate, cognac essential oil, diacetyl, dipropyl ketone, 
ethyl acetate, ethyl amyl ketone, ethyl butyrate, ethyl cinnamate, ethyl 
methyIphenyIglycidate, ethyl nitrate, ethyl propionate, ethyl valerate, heliotropin, hydroxy-2- 
butonone (10% solution in alcohol), a-ionone, isobutyl anthranilate, isobutyl butyrate, lemon 
essential oil, maltol, 4-methylactophenone, methyl anthranilate, methyl benzoate, methyl 
cinnamate, methyl heptine carbonate, methyl naphthyl ketone, methyl salicylate, mint 
essential oil, neroli essential oil, nerolin, neryl isobutyrate, orris butter, phenethyl alcohol, 
vanillin and solvent, Schlosser (2001).
In the above list there are four complete essential oils that have been used whole. They are 
lemon essential oil, cognac essential oil, mint essential oil and neroli essential oil. W hat the 
list obscures about the rest of the chemical compounds listed above is the fact that they are 
compounds directly or indirectly isolated or obtained from certain essential oils. Compounds 
such as ethyl cinnamate, isobutyl butyrate, cinamyl valerate, phenyl ethyl alcohol and amyl 
valerate anethol are compounds isolated from natural (essential) oils. The other compounds 
such as ethyl acetate, methyl heptine carbonate, neryl isobutyrate and nerolin are sem i­
synthetic flavours. The third group is compounds such as ethyl acetate, ethyl amyl ketone 
among others that are synthetic flavours that are similar to naturally occurring flavours. All 
these compounds owe their existence and commercial applications/exploitation to naturally 
occurring compounds.
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Natural flavours and artificial flavours sometimes contain exactly the same chemicals [See 
Section 2.6.1] produced by different methods. Amyl acetate for example provides the 
dominant note of banana flavour. When distilled from bananas it is a natural flavour. When 
it is produced by the reaction of ethanoic acid with amyl alcohol, adding sulphuric acid as a 
catalyst, amyl acetate is an artificial flavour. The future growth of natural flavours, and may 
be SDE as natural flavours production method, will be driven by the growing demand for 
Organic Food. SDE is a method that produces one hundred percent natural flavours suitable 
for specialised diets such as vegetarian.
Natural smoke flavour is produced by charring sawdust and capturing the aroma chemicals in 
water, that is then bottled. The water is used to prepare food, and gives it taste and smell of 
food prepared over a fire. This is a similar principle to that used to produce aromatic waters 
such as rose water from distillation condensate, Houlton (1997). Innovative product 
applications such as here, in aromatherapy, will support the steady annual 5% growth in 
demand for essential oils. Layman (1994). Steam distillation, as the main means of 
producing essential oils may, in future, remain a main oil isolation method thus the need for 
better production technology.
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Chapter 6
Conclusions and Recommendations for Future Work
6.1 Conclusions
The conclusion to be drawn from this study will form the basis for the first systematic
guidelines for the design and operation of SDE plants. This is an achievement of the main
objectives of this study. The conclusions are:
1. The method of reducing the amount of steam gradually, based on partial pressure 
considerations that was proposed in theory part of the dissertation, [See Chapter 2, 
Equation (2.9.2)], in order to determine the optimum SDE design approach and 
operating condition can be achieved. There exists a steady state period with respect to 
oil isolation and concentration in the vapour phase during which the bulk of the oil is 
extracted in the shortest possible time. This period can be arrived at in any distillation 
set up by using the minimum possible steaming rate for a given packed bed mass. This 
approach is graphically illustrated in the results represented in Figures (4.8.6) and 
(4.8.7), which show that there is a marked loss in distillation effectiveness in operating 
at high steam flow rates for a fixed set of conditions. This is more so for low content 
oil sources such as Artemisia annua than relatively higher oil content sources such as 
lavender. Based on solubility data disproportionately high steaming rate results in 
excessive loss of polar compounds in the water fraction of the condensate. However, at 
the moment the optimum steaming rates have to be experimentally determined.
2. It is now possible to address the question that has been avoided in the past by steam 
distillers. The question is, “how do distillers determine the steaming rate that is 
optimum for a given packed bed?” Results given in Fig (4.8.6), show that for the given 
conditions steam flow rates around 2ml/min produced relatively good yield within an
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acceptable batch cycle time fox Artemisia annua. Similarly for lavender with relatively 
higher oil content per mass of raw material steam flow-rates around 3ml/min (Fig 
4.8.7) gave relatively high yield within a reasonable batch cycle time. Based on 
Equation (2.1), i.e.
F  tot — Porg +  P w
It is clear that by reducing steam flow rate, partial pressure of steam, pw, is reduced and 
partial pressure of organics, porg, increases since ptot is constant and the converse is 
true. Since the left-hand side of the equation remains constant it is possible to increase 
the oil fraction in condensate by a gradual reduction of the vapour fraction due to 
steam. Excessive steaming rate result in increased pw and therefore reduced porg giving 
rise to low steam residence time in extractor and reduced oil isolation. The optimum 
steaming rate for a given packed bed mass of any essential oil raw material can be 
determined systematically by experimentation as described in conclusion number (1) 
above. However the theoretically minimum steaming rate that will give the best 
extraction rates would be the steam flow rate that is enough to supply the enthalpy of 
vaporisation of oil as well as to allow for heat losses from the still without reduction in 
operating pressure and temperature.
3. The notion that essential oils are volatile chemical substances while true is over­
emphasised. While some components are volatile that does not mean all are, as shown 
by lavender that was left standing open to the atmosphere for a week. W hen it was 
analysed on the GC it had most if not all the components as shown by its profile versus 
that of oil that was not left open as shown in appendix. The open oil still smelt like 
lavender. The fact that essential oils have characteristic smells, which can be sensed is
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not entirely because they are volatile but because they are made up of chemical 
compounds that set such particular olfactory sensations. In lavender the principle 
component (linalool) that was used in its profiling during distillation is coincidentally a 
top note, that gives the oil its characteristic smell, Williams (1993), Poacher(1982).
4. The models used to describe heat and mass transfer in SDE can be used to describe any 
other extraction method that involves extraction of essential oil or any vegetable 
substances. The differences between different extraction methods are the magnitude of 
process physical characteristics such as for example mass transfer coefficient.
5. Steam quality is very important in SDE work. The rule of thumb would be to use 
saturated steam at most times, as it is easier to generate and handle.
6. Prolonged exposure of oil material to heat subsequently increases solubility of certain 
components in the water phase thus increasing their loss. This fact makes the use of 
superheated steam and cohobation generally unfavourable, let alone the attendant extra 
heating costs.
7. Materials of construction for stills have some effect on the quantity of some 
components in essential oils and by inference should have an effect on the quality of
oil. Based on results summarised in Tables (5.8.1) and (5.8.2), the materials of 
preference for construction of stills would be copper, aluminium and stainless steel. 
Mild steel and brass are unfavourable.
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6.2 Recommendation for Future Work
The work outlined in this dissertation opens up a lot of avenues for future work. If 
pursued carefully it will change the way steam distillation is presently carried out by 
ensuring that every best operating conditions are determined for each essential oil and used 
in order to optimise isolations of such oil. The way to determine such conditions is by 
using the experimental trials. The conditions for any oil can be worked out and so can the 
corresponding variations of process variables. This can be done by varying one parameter 
at a time and its effect evaluated.
It should be possible to produce tables or other forms of SDE guidelines, which for 
example show the variation of steaming rates with porosity or bed height that will maintain 
that optimum fast and slow extraction rates and periods. Such important parameter 
correlation could be done for the different oil sources and presented in table form so that 
they could be used as reference. Similarly solubility of certain compounds in water should 
be worked out in order to determine losses.
This opens up a new area. Solubility of chemical substances is not absolute but tends to be 
influenced by other solutes in the system as well as temperature and to a lesser extent 
pressure. It may be necessary to work out how the presence or absence of certain 
component(s) affects the solubility of another. The effect of the use of superheated steam 
should be explored in such cases where it may seem more appropriate.
The quality of oils and their market value tends to be determined by smell. Extractors can 
be made from various metals. The effect of metals on oil quality can be determined by
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using different metal sleeves to extract oil and then run GC tests to test for differences that 
may arise at all. [See Figs (4.11.1) to (4.11.10)]. Differences should be picked up as 
absence or addition of certain compounds on chromatograms. Due to the broad nature of 
the chemical species in essential oils organo-metallic reactions are a real possibility when 
certain kind of metals are used for the construction of stills.
One of the important physical parameters that require further experimental determination 
is the local mass transfer coefficient in the packed bed. A  steam distillation rig can be set 
up with headspace above the solids in each stratum along the packed bed. Sampling points 
directly connected to a GC injector can then be put in the vapour space so that samples can 
be injected or bled into GC directly as the distillation is being carried out. Such an 
experiment set up will give a concentration profile up the packed bed, which will be an 
indicator of the vapour phase mass transfer coefficient (at the point and time).
Finally there is need in future to develop mathematical models that could be used to 
simulate the cumulative yield curves. Simulation of the yield curves based on the model(s) 
should be possible by using other computer programmes such as Matcad or Metlab. The 
simulation will give an insight onto the interrelationships between the process parameters 
and variables and how each one them affects the distillation rates of essential oils.
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Example of Condenser Design (in Excel)
Appendices
1.Physical properties of fluids i V I S  ! '2 .16*P 0W E R (10,-5)
tci 20: 1 thi i 1001
tco 50: ! ! tho 1 551
Cpc 4.2 i I 1 Cph 1 4.2jp(kg/cum 0.5863
P 1 997.4: mh (g/min 250 jmh (kg/s) 0.004167
V I S  ;9.8*POWER(10,-4) hfg(KJ/Kg 2255 j
2. Duty of the exchanger
1 1
q (KJ/s) : 10.18333! 1 i
qtiw v; 10.18333: 1 this can be taken as 10.2jKW  1
1 1
: i
3.Calc of cold fluid flow rate j |
i i
me (kg/s) , 0.08082; |this is equal to 290.9524; litres/hr 1
i 1
1 I i
i ■ 1 i
1 1 i
4. lype Of exchanger: ! !
Shell and tube j
i ! 1 1usea me ntu mathod to provi
1
de for checks on reasonableness of values generat ed atevery stage I ! 1 i
o.uumparison O T  mcupc and mhCph {
1 1
mccpc j 0.339444; |
'  ! i
mncpn l 9.4133: |  j So mccpc <mhcph this means that the
i i 1 i max possible heat transfer is qmax.
qmax (k J / 1 27.155561 | ; This situation is due to hfg of mh.
qmax (kW; 27.15556: j
1 1
-  i ! . i ■ 1 ■ i
-  : 1 1 . , ■ i  1o.uaicOT iim I
! i
T Im (deg j 42.05511
1 1
1 1 1 i
1 !I 1
1 1
/  .uaic OT tne relative thermal size expressed as OR (capacity ratio) |
OR I 0.03606 1 I
i I  !8.uaic OT bTtectiveness, E 1
E 0.375
9.Calc of N 1U, number of transfer units
N 1 U 1 0.4734621
1 1
i i
10. uaic OT U A ,  using the relationship UA/(mcp min) = MTU
DA 0.1607141 this Is about 0.161 kW/deg 0 .
1 1
1 1
1 1 . uaic OT area, A assming overall U= 1000 /V/sq m. deg 0 .
A (sqm) 1 0.242143! | 1
1 ne neat transTer coeTTlcient in this unit was not going to be very high had it not been hfq
I . !
Appendices
12.The tubes used here is of the following specs 1 1
!BWG gag jOD, in wallthick.i : ID, in extern A,sqft/ft Inside x area,sq in
1 26; 0 .2 5 1  0.018 0.214 0.0655 0.036
: 2 6 1 0.006351 0.000457 0.005436 0.019964 2.323E-05
All the readings in the second row except BWG gage" number are n
m or sqm . ;
13.Laic of velocity, u, inside tubes
u (m/s) ! 305.9841 1 This is the velocity in one tube
u25 (m/s) ! 12.239371 j
Choose nuber of tubes, Nt,
14.Nt 1
15.Lt (m) i 0.485149: 1
nemarK. in tnis calc the overall U chosen was after consideration of the high hi for condensation
process. So the water side convection coefficient is the main contrlling factor otherwise U could
be relatively large. Could have done an exact U calc ha there been some software to solve the
simultaneous equations so derived for the problem. !
' ■ ‘ : i
lb. 1 une sneet layout, Nt and Db,
K1 ; 0.319 1 from tables
....
n1 1 2.142 i : from tables
Db (mm) 48.64787 ! jfrom fomulae in Coulson, Volume.6
i I !
1 / .  iuoe pitcn, pt ; ;
pt (mm) 7.9375 This cab be taken as 8 again from Volume 6 Richardson
18. Tubes in centre row, Ntc ;
NIC 6.080983 ithey should be 6 tubes in the center row.
19. Shell diameter, Ds ;
us (mm) 58.24505 I ;
i 1 !
! i i !
19a. Calc of the velocity in the shell, us ■ 19b. Shell inventory at steady state, Sv
1 1 Sv (cub m 0.002806 this is 2.806 litres
us 0.010481 1 1
1 his was taken as 0.01051 m/s ! 19c. Tube inventory as liquid. Tv
1 ne caic tor the us was done off this worksheet. Tv (cub m 0.003608 this is 3.608 litres
! 1 1
Baffles can be replaced by simple tube support and this can make the construction easier and the
heat transfer rates will not be affected much.
1 j !
20.Presure Drops, Shell side, Ps, and tube side, Pt
Pt i 1.0975 this is equal to 1.1 Pa
j 1
Ps 24.59861 this is equal to 24.6 Pa with 5 baff 3S of 25%
1 1 cut.
1 1
Costing 209.2116 jthis can be tken as 2210-00 to do the heat exchanger
1 nis estimate can oe viewed as too high but then pilot plants are usually expensive due to
Appendices
relatively higher labour costs, i   ^ i  j  i  |
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Specification For Heat Exchanger In Accordance With tema Standards
HEAT-EXCHANGER TO BE USED AS A CONDENSER
i I 1 1
IDENTICATION: Vapour Condenser DATE: 1 Nov-98 !
1
: ! ! ! 1
FUNCTION: Condense organic va Dours and steam from the still. }
: ; 1 
■ ^
1 1
1 1
OPERATION: Batch 1 1
i  !
TYPE: Horizontal, Single Pass, Shell and Tube, Fixed Tube Sheet
Duty is equal to 10.18333 KW i 1
Outside Area is 0.242 square m |
1
TUBE SIDE: | |TUBES: 1
Fluid handled is hot organic + water vapour 25 tubes each 0.48515 m long
Tin hot in is 100 degrees C [Single pass
Tout hot out is 55 degrees C Tube material is heat resistant steel
Flowrate is 0.004167 kg/s Do is 0.00635 m j
Pressure drop is 0.002412 Pa Di is 0.005436 m { [
Triangular pattern |  |
: I 1 1
: i 1
SHELL SIDE: ; SHELL: 1 - I -  ■
Fluid handled is cooling water 58mm interal diameter I
Tcold in is 20 degrees C j  1.5 to 2 mm wall thickness
Tcold out is 50 degrees C Shell material is heat resistant steel
Pressure drop 24.59 Pa ! 1
Flowrate is 0.08082 kg/s i
'  '  1
UTILITIES: |
Treated Cooling Water whose flowrate will vary according to the vapours flowrate.
^ :  1 1
'  I
TOLERANCES: |  |
Tubular Heat exchangers Manufacturers Association (TEMA) standards to be observed.
The steel used had a therma conductivity of 54 W/m.deg C and its maximum operating
temperature will be the upper vapour temperature of 100 degrees C
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A ppendix B1
Flavour and Fragrances Use Patterns, Geographical Locations
4%
23%
37%
□  Europe
□  A m ericas
□  A s ia , Ocenia 
n  Rest of w  orld
36%
1993 fragrances sales = US$4 billion
nEinope 
gMiericas 
□Asia, ODeria 
□ Ffest of vvaid
1993 flavour sales = US$5 billion
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Appendix B2
Main Perfumery Houses
The biggest players are
1 Haarman & Reimer (part of Bayer)
2 Givaudan (part of Roche)
3 Quest (part of Unilever)
4 Firminech (Swiss based)
5 International Flavors and Fragrances
Smaller but very significant palyers are
1 Bush Boake (US)
2 Takasago (Japan)
3 Dragoco (German)
4 Florasynth (US)
5 Sanofi (France)
6 Tastemaker (a joint venture of Hercules’ PFW Flavours and M allinckrodt’s 
Fries & Fries)
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Appendix B3
World Production of Selected Essential Oils, after Deer (1993)
Essential oil Estimated World 
Production, 1984 (tonnes)
Major producers
Citrus: Orange 12 000 Brazil, US, Israel, Italy,
Lemon 2 300 Argentina, South Africa
Other 1115
Peppermint 2 200 US, China
Spearmint 1400 US, China
Patchouli 500 Indonesia, China, Brazil
Vetiver 260 Haiti, Indonesia, China, 
Brazil
Camphor 250 Taiwan, China
Eucalyptus 1720 Portugal, South Africa, 
Spain, Paraguay, India, 
China, Australia
Lavender 200 Bulgaria, Russia, 
Yugoslavia, Spain, 
Australia
Mint (mentha arvensis) 210 0 China, Brazil, India
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Exports of Essential Oils from Selected Regions and 
Countries (US$ ^000)
Year 1984 1985 1986 1987 1988
Region
Africa 42 762 38 151 45 514 53 677 37 272
Americas 200 426 209 014 202 348 229 557 282 174
Asia 77 819 81 842 91 803 123 082 162 494
Europe 203 715 216 008 262 962 292 264 411 952
Oceania
(provisional
figures)
2 442 1980 1768 3 788 3 888
World 527 163 546 994 604 396 702 369 897 779
Country
US 123 195 137 301 134 860 147 251 158 266
Mexico 14 658 5 913 8168 12 400 11740
Brazil 32 503 32 238 27 533 31 816 62 548
Paraguay 3 128 5 546 3 938 5 442 12 422
India 9 222 13 380 16 794 19 254 22 768
Thailand 4 194 3 490 5 284 6 791 14 438
Indonesia 29 333 22 648 27 445 33 623 33 556
Japan 4 599 5 075 3 612 4 843 22 947
France 104 691 108 426 140 119 158 882 164 931
UK 29 972 32 250 33 595 31979 38 889
Netherlands 9 603 10 828 13 422 14 456 46 174
Germany 8 351 8 716 9 915 12 233 33 822
Australia 2 352 1883 1697 3 612 3 584
* all 1988 figures are provisional.
* Source: Unted Nations International Trade Yearbook, 1988.
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Imports of Essential oils into Selected Markets (US$ ‘000)
Year 1984 1985 1986 1987 1988
Market
Africa 9 241 13 606 15 635 15 671 19 281
Americas 187 566 236 524 240 044 258 377 302 476
Asia 115 952 115322 121 421 158 942 215 095
Europe 314 317 318 256 354 806 403 658 377 263
Oceania 8 947 8 543 8 758 9 940 10 117
World 636 023 692 268 740 664 846 587 924 233
Country
US 122 931 159 811 164 735 181 353 235 127
Canada 17 356 15 881 17 799 19 167 14 232
Japan 47 776 48 732 52 660 64 455 100 146
Hong Kong 13 072 22 153 16 410 33 263 42 585
UK 67 692 64 684 65 755 72 435 84 655
France 93 354 94 462 112 464 112 672 79 749
Germany 39 275 37 685 42 330 53 605 58 207
South
Africa
4 295 3 367 8 677 5 542 10 280
Australia 6 948 6 588 7 056 7 605 7 146
*1988 figures are provisional
*Source: United Nations International Trade Yearbook, 1988
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United States Imports of Specified Oils, 1988
Selected Essential 
Oils
Quantity (Tonnes) Value (Sim ) Major source
Anise oil 49 0.6 China, Spain, 
France
Bergamot oil 53 2.2 Italy, France, 
Germany
Camphor oil 33 0.2 Taiwan, China, 
France
Caraway oil 8 0.2 Netherlands, 
France, Poland
Cedar leaf oil 32 1.5 Canada
Cedarwood oil 720 2.2 China,
Citronella oil 517 4.9 China, Taiwan, 
Argentina
Citrus oils, other 53 0.6 Mexico, Brazil
Comment oil 273 2.5 China, Brazil, 
England
Eucalyptus oil 312 1.9 China, Australia, 
Brazil
Geranium oil 83 3.5 France, China, 
Egypt
Grapefruit oil 85 1.2 Brazil, Israel, 
Belize
Lavender oil (inc 
spike)
75 1.3 France, Spain, 
Bulgaria
Lemon oil 744 10.2 Argentina, Spain, 
Italy
Lemon grass oil 74 0.9 Guatemala, India
Lignaloe (bois de 
rose oil)
53 1.3 Brazil France
Lime oil 870 13.0 Mexico, Egypt, 
Israel
Neroli oil (orange 
flower)
1 0.5 France, Germany
Onion and garlic oil 13 1.3 Mexico, Egypt, 
Netherlands
Orange oil 5 684 8.8 Brazil, Mexico, 
Israel
Origanum oil 7 0.3 Spain, France
Orris oil 2 1.1 Germany, France
Palmarosa oil 15 0.4 India, Guatemala, 
Brazil
Peppermint oil 13 0.4 Hong Kong, France
1 0
Appendices
Petitgrain oil 119 2.3 Paraguay, Brazil
Pine oil 618 0.6 Mexico
Pineneedle oil 257 1.0 Mexico, Canada
Rose oil (attar of 
roses)
2 8.7 France, Turkey, 
Brazil
Rosemary oil 48 0.5 Spain, France, 
Tunisia
Sassafras oil 344 1.6 Brazil, China
Spearmint oil 69 0.8 China, Hong Kong
Thyme oil 14 0.5 Spain, France
Vetiver oil 96 6.0 Haiti, Indonesia, 
France
Ylang ylang 
(cananga oil)
41 2.7 France, Comoros, 
Haiti,
Other essential oils 1545 40.0 France, China, 
Brazil
total 12 921 125.5
11
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Appendix B7
United States Exports of Selected Essential Oils
Essential Oils Quantity (Tonnes) Value ($ lm )
Cedrawood, clove and 
nutmeg oils
660 4.5
Lemon oil 317 4.8
Orange oil 1701 5.3
Peppermint oil 1236 41.4
Spearmint oil 461 14.2
Other oils 4 062 52.6
1 2
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Appendix C l
Some Properties of Selected Monoterpene Hydrocarbons 
and Cineoles
Name Boiling Boiling Density, [a]o Melting GC retention
Point, "C Point, "C d'o Point, "C time relative to
(760 torr) (100 torr) camphor
on BP20 column
tricyclne 152 85 0 65
a-pinene 156 89 0.8595 1.4658 ±51 -50(-75) 0.17
a-fenchene 157 91.5 0.8697 1.4740 ±44
camphene 158 91 ±108 49
P-pinene 165 98 0.8722 1.4790 ±22 -50(-60)
myrcene 167 0.7880" 1.4680 0 0.21
cis-pinane 168 0.8575 1.4629 ±23 -53
8-p- 169 0.8142 1.4554 0
menthene
trans-2- 169 0.8100 1.4500 ±132
menthene
3-p- 169 102 0.8129 1.4519 ±141
menthene
trans-p- 170 103 0.7928 1.4367 0
menthane
3-carene 170 104 0.8617 1.4742 ±16
cis-p- 172 105 0.8002 1.4431 0 -90
menthane
1,4-cineole 172 105.5 0.8986 1.4446 0 -46
1,8-cineole 174 108 0.9245 1.4574 0 1 0.41
a-terpinene 175 108 0.8315" 1.4755 0
carvomenth 176 110 0.8246'' 1.4563" ±118
ane
4(8)-p- 176 110 1.4689 0
menthene
limonene 176.5 110 0.8411 1.4730 ±124 -74(-89) 0.41
p-cymene 177 110 0.8570 1.4905 0 -73
y-terpinene 182 116 0.8455" 1.4715" 0
3,8-p- 183.5 117.5 0.8510 1.4876 ±140
menthadiene
2,4(8)-p- 185 120 0.8535" 1.5030" ±49
menthadiene
terpinolene 186 120 0.8620 1.4861 0
13
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Some Properties of Selected Oxygenated Terpenes
BP,"C 
(760 torr)
B P /C  
(100 torr)
Density
d'«
[a]D Melting 
Point, T
GC
retention 
Relat to 
linalool on 
BP20
Fenchone 193 122 0.9452 1.4628 ±70 5
Linalool 199 0.8607 1.4616 ±22 1.00
a-fenchol 200 133 0^65* 1.4734 ±12.5 48 (39,dl)
Citronellal 203 O jG l 1.4467 ±12
Terpinen-l-ol 208 106(25) 0.9171^ 1.4701^ dl
Camphor 209 ±45 179 0.59
trans-p-terpineol 209 139 0.919 1.4712" 0 33
Trans-dihydro-a-
terpineol
209 1.4630 0 35
Cis-dihydro-a-
terpineol
210 0.8962^ 1.4664 0 47
Trans-menthone 210 138 (18903 1.4500 ±29 -6
Terpinen-4-ol 211 123(50) 0.9259 1.4762 ±29
Neomenthol 212 0.8917" 1.4604 ±20 -22(53,dl)
Borneo} 212 ±38 209
Isoborneol 214 ±34 212 dl
Menthol 216 0.8911 1.4615 ±50 43 (35,dl)
y-terpineol 218 132(50) 0.9412 1.4912 0 70
a-terpineol 219 149 0.9336 1.4831 ±112 40 (35,dl) 1.06
Citronellol 224 (18550 1.4559 ±7
Nerol 225 128(25) 0.8735^ 1.4736^ 0
Citral 228 0.8972" 1.4891 0
Geraniol 230 131(25) 0.8770^ 1.4756*) 0
Carvone 231 157 0.9550^ 1.4990 ±62
Hydroxycitrollal 116(5) 0.9220 1.4494 ±10.5
Terpin(ordinary) 258 0 105(117,hy)
a-ionone 258 0.9309 1.4971 ±400
P-ionone 271 0.9461 1.5202 0 -35
nerolidol 276 0.8778^ 1.4795 ±15
'T  = 4 0 X
= 25°C
“T = 30"C
= 45°C
'T  = 15°C 
= 22°C
14
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Vapour Pressure -  Temperature Data for Some Selected 
Mouoterpeues, West et al (1983).
Name Formula 1 mm 10 mm 40 mm 100
mm
400
mm
760
mm
MP,
T, T, T, T, T^C T,
Eugenol C10H 12O2 78.4 123.0 1553 182.2 228.3 253.5
Isoeugenol C10H 12O2 8 6 3 132.4 167.0 194.0 2423 267.5 -10
Cymene C10H 14 17.3 57.0 87.0 110.8 153.5 177.2 -68.2
Camphene C10H 16 s 4 7 3 s 75.7 97.9 138.7 160 50
Dipentene C10H 16 14.0 53.8 8 4 3 108.3 150.5 174.6
d-Limonene C10H 16 14.0 53.8 8 4 3 108.3 151.4 175.0 -96.9
Myrcene C10H 16 14.5 53.2 82.6 106.0 148.3 171.5
a-Pinene C10H 16 -1.0 3 7 3 66.8 90.1 132.3 155.0 -55
P-Pinene C10H 16 4.2 4 2 3 71.5 94.0 136.1 158.3
Terpinenoline C10H 16 3 2 3 70.6 100.0 122.7 163.5 185.0
d-camphor CioHiôG 41.5s 823s 114.0s 138.0s 182.0 209.2 178.5
a-citral C ioH i6Ü 61.7 103.9 135.9 160.0 205.0 228.0d
d-fenchone CioHiôO 28.0 6 8 3 9 9 3 123.6 166.8 191.0 5
Fencholic acid C10H 16O2 1.1.7 142.3 171.8 194.0 237.8 264.1 19
Cineole CioHisO 15.0 54.1 84.2 108.2 151.6 176.0 -1
Geraniol CioHisO 69.2 110.0 141.8 1653 2.7.8 230.0
d-linalool CioHigO 40.0 79.8 109.9 133.8 175.6 198.0
Nerol CioHigO 6L6 104.0 136.1 159.8 2033 226.0
a-terpineol CioHigO 52.8 94.3 126.0 150.1 194.3 217.5 35
d-citronellal CioHisO 44.0 84.8 116.1 140.1 1833 206.5
15
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Appendix D
D istillation calculations
One advantage that a well insulated extractor as well as a packed bed has over the 
conventional vegetable-in water system is that it eliminates the approximations 
involving the use of H enry’s law for oil and Dalton’s law for water in later set-up. In 
the case of the packed bed the content of the product can be determined by the 
following equation,
Na/Nb = Pa/pb
(Weight of fl)/(weight of 6) = (pa * Ma)/(pb * Mb), assuming equilibrium is reached. 
Exam ple C alculations
During the steam distillation of Artemisia, camphor (f.w. = 152) as the predominant 
component (52% on average) is collected. 20 grams of water was also collected. In 
order to determine the amount of oil collected, if the distillation was 100% efficient.
Refer to Figure (2.9.6.2), Temperature - vapour pressure curve for camphor.
(20.0 g of H20)/(X g of Camphor) = (735 * 18)/(25 * 152), at T = 100°C
X = 5.74 g
Total oil extracted « 5.744*100/52 = 11.05g, as camphor.
16
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This amount of oil can only be extracted if and only if there is this amount or more of 
oil present on the vegetable matrix surface. In practice this is not so as oil has to diffuse 
from within the vegetable matrices to the surface prior to its extraction in the vapour 
phase. This number has to be revised downward using mole fraction of oil present 
during the period the 20g of water distilled.
For lavender distillation, again referring to Figure (2.10.6.3), Temperature -  Vapour 
Pressure curve for linalool.
For the 15 ml of samples used in the experimentation the maximum possible amount of 
oil in each sample, using linalool (31%  composition), and (f.w. = 154) is,
(15 g  of H 2 0 ) / ( X  g  of linalool)) = ( 7 3 0 n 8 ) / ( 3 0 * 1 5 4 ) ,  at T = 100“C.
X = 5.27g
Total oil extracted % 5.27*100/31 = 17.00g, as linalool.
The reason why this much oil is not produced during distillation is due to the fact that 
the vapour is not saturated with oil during distillation.
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Plate E l  L avender oil glands, a fte r Denny (1991)
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Fig F Gas chromatogram o f lavender oil open to air at room temperature for  
seven days.
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